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ABSTRACT 

A proposed ship propulsion system which incorporates 
superconducting electric machines as the transmission 
system between the prime mover and the propeller i3 
described. The propulsion system employs gas turbine 
prime movers, synchronous generators and synchronous 
motors with superconducting field windings, switch gear 
with a cycloconverter, variable frequency, power controller 
between the generators and the motors. The proposed 
system in the ED963 destroyer, which has a ga3 turbine 
propulsion system driving controllable pitch propellers 
through reduction gears. The resulting ship is compared 
with the original on the basi3 of weight and volume. A 
smaller ship with an identical payload but a smaller pro¬ 
pulsion system is constructed to take advantage of the 
weight and volume savings which are a result of using 
superconducting electric machinery. The smaller ship is 
compared with the original DD963 on the basis of weight,* 
volume, effecier.cy and cost ceiling for the superconduct¬ 
ing electric propulsion system. 

The proposed superconducting motors and generators 
are modeled mathematically and simulated on a digital 
computer. Components for the motors and generators are 
designed to determine their individual characteristics 
and their interactions with other elements of the machine 
The design analysis of the superconducting machines 
lnC p? t83 they ** very small and lightweight. 

rinal comparison of the proposed and existing ships 
shews a 14 £ reduction in 3hip displacement, a 95 reduc¬ 
tion total volume, a 175 reduction in fuel carried and 
a propulsion system that is 505 lighter and requires 335 
less volume. 
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ABSTRACT 

A proposed ship propulsion system which incorporates 
superconducting electric machines as the transmission 
system between the prime mover and the propeller is 
described. The propulsion system employs gas turbine 
prime movers, synchronous generators and synchronous 
motors with superconducting field windings, switch gear 
with a cycloconverter, variable frequency, power controller 
between the generators and the motors. The proposed 
systemAinrthe DD 963 destroyer, which has a gas turbine 
propulsion system- driving controllable pitch propellers 
through reduction gears. The resulting ship is compared 
with the original on the basis of weight and volume.^ A 
smaller ship with an identical payload but a smaller pro¬ 
pulsion system is constructed to take advantage of the 
weight and volume savings which are a result of using 
superconducting electric machinery. The smaller ship is 
compared with the original DD 963 on the basis of weight, 
volume, effeciency and cost ceiling for the superconduct¬ 
ing electric propulsion system. 

The proposed superconducting motors and generators 
are modeled mathematically and simulated on a digital 
computer. Components for the motors and generators are 
designed to determine their individual characteristics 
and their interactions with other elements of the machines. 
The'design analysis of the superconducting machines 
indicates they will be very small and lightweight. - 

Final comparison of the proposed and existing ships 
shows a 14* reduction in ship displacement, a 9* reduc¬ 
tion in total volume, a 17 * reduction in fuel carried and 
a propulsion system that is 30 * lighter and requires 33* 
less volume. 

Thesis Supervisor* J.L. Kirtley, Jr. 
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NAVAL ARCH I TECTURE DEFINITIONS 


DEFINITION 


SYMBOL 

UNITS 

I. Gross Characteristics 

a 

(tons) 

V 

(ft 3 ) 

L or LBP 

(ft) 

B 

(ft) 

d avg 

(ft) 

T 

(ft) 

VCG 

(ft) 

°P 



C x 


GM/B 

v s 

(knots) 

r4v o 

e 

(Naut.Mi.@Kts) 

SHP 

(hp) 

SFC 

(lbs/hp-hr) 

M 

(M) 


Fuel Load Displacement 
Total internal volume 
Length of hull at waterline 
Beam(width) of hull 

Average depth or average 
height of main deck 

Draft of hull 

Vertical Center of Gravity 
of ship 

Prismatic coefficient. The 
percentage of a prism, which 
is the same L,B,T as the 
underwater hull, actually 
filled by the underwater 
hull. For a Box of L.B.and 
T units, C p = 1. 

Midship section coefficient. 

The percentage of a rectangle, 
which is the same B and T as 
the underwater hull, actually 
filled by the midship hull 
cross section. For a rectangle 

C x " 1 ’ 

Measure of ship stability 
(Resistance to rolling) 

Maximum sustained speed 

Range at cruising speed 

Main propulsion horsepower * 
rating 

Specific fuel consumption in 
pounds per horsepower-hour 

Total manning complement 








SYMBOL 


UNITS 


DEFINITION 


II. Weight Fractions* 


WTGPl/A 


Structural weight fraction 

W MB/a 


Machinery Box weight fraction 

WTGP2/a 


Propulsion system weight 
fraction 

W 0PS/a 


Ships operations weight 
fraction 

W PERS/a 


Personnel weight fraction 

W PAY/a 


Payload weight fraction 

III. Volume 

Fractions 


VOL MB/v 


Machinery Box volume fraction 

VOL OPS/7 


Ships operations volume 
fraction 

VOL PERS/r 


Personnel volume fraction 

VOL PAY/v 


Payload volume fraction 

* weight and volume fractions 

are non-dimensional 

IV. Specific Ratios 


WTGP2/SHP 

(lbs/SHP) 

Propulsion system specific 
weight 

VOL MB/SHP 

(ft^/SHF) 

Machinery Box specific 
volume 

VOL HAB/M 

(ft 3 /man) 

Personnel specific volume 


Y. Densities 

DISPLACEMEOT/VOLUME (lbs/ft^) Total ship density 
VI. BSCI Weight Groups ♦ 

BSCI weight groups are a breakdown of ship weights by ship 
systems as listed below: 

WTGP1 (tons) Hull Structure 
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SYMBOL 

UNITS 

DEFINITION 

WTGP2 

(tons) 

Propulsion System 

WTGP3 

(tons) 

Electric Plant 

WTGP4 

(tons) 

Communication and Control 

WTGP5 

(tons) 

Auxiliary Systems 

WTGP6 

(tons) 

Outfit and Furnishings 

WTGP7 

(tons) 

Armament 

WTGP8 

(tons) 

Loads 


* Complete listing of the contents of each weight group 
are contained in Appendix I. 
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INTRODUCTION 


Superconducting electrical machines can now he 
considered "state-of-the-art" for marine applications. 
This paper investigates the impact of converting a DD963 
gas turbine driven propulsion plant from mechanical power 
transmission to superconducting electrical power trans¬ 
mission. The DD963 is a 7885 ton, twin screw, 30+ knot 
destroyer with a 6000 mile endurance range. The propul¬ 
sion plant prime movers are four 20,000 horsepower gas 
turbines. The mechanical drive propulsion system of the 
DD963 requires two gas turbines driving the reduction 
gear for each shaft. The physical connection of a gas 
turbine to a reduction gear limits a gas turbine to 
driving that one shaft only. In a electric drive pro¬ 
pulsion system any one gas turbine can drive either or 
both shafts at the same time. At the cruising speed of 
20 knots, the mechanical system required two gas turbines 
(one for each shaft) to be in operation. At this low 
power level, each turbine is operating in a very unecono¬ 
mical off-optimum fuel consumption performance mode. A 
single gas turbine providing the power for a 20 knot 
cruising speed and using electric drive to transmit 
this power to both shafts, operates at a more economical 
performance power level. For this reason, an electric 
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drive requires much less fuel than the mechanical drive 
system. The criteria for comparing the electric drive 
ship to the original mechanical drive DD963 is the ships 
must perform the same military mission without changing 
the speed and endurance characteristics. 

Figure 1 contains a major weight breakdown for the 
DD963 baseline ship, a four gas turbine electric drive 
ship, and a three gas turbine electric drive ship. When 
a straight conversion of the four gas turbine driven 
DD963 to electric drive is made a propulsion plant 
weight and fuel weight savings of 405.1 tons is realized. 
Since the DD963 is a weight limited ship (no weight margin 
to spare), this is a dramatic improvement in the overall 
ship characteristic. 

The DD963 was originally designed with a large 
excess margin of volume, which is now even greater with 
the 485 ton reduction in displacement. The next logical 
step was to take full ad/antage of the propulsion plant 
and fuel weight reductions and reduce the overall size 
of the ship. This further reduced the fuel weight* less 
fuel required to drive a smaller lighter weight ship. 

A smaller and lighter ship also requires lesa Installed 
horsepower, which permitted the reduction of the propul¬ 
sion plant to three 20,000 horsepower gas turbines. An 
overall savings due to hull, propulsion plant and fuel 




weight reductions in a three gas turbined powered ship 
is 1084 tons for a 1^ weight reduction over the base¬ 
line ship. 

The three-engined ship has the same mission perform¬ 
ance capabilities as the larger four-engined ship. The 
only differences between the two ships is the three- 
engined ship is cheaper to build, maintain and operate. 


DD963 4 ENGINED 3 ENGINED 

BASELINE ELECTRIC DRIVE ELECTRIC DRIVE 


Hull Structure 

3137.1 

3105.6 

2757.7 

Propulsion 

789.2 

504.1 

401.2 

Electric Plant 

296.8 

296.8 

275.9 

Command & Control 

250.3 

250.3 

250.3 

Auxiliary Systems 

739.8 

739.8 

735.5 

Outfit & Furnishings 

454.3 

454.3 

445.9 

Armament 

159.2 

159.2 

159.2 

Margin 

100 

100 

100 

Fuel 

1606 

1404 

1334 

Loads 

353 

353 

341 

Full Load 

Displacement 

7885 

7366.4 

6800.7 

% Weight Saving from 

Baseline 

0 

6* 

1<* 

MAJOR 

WEIGHT 

BREAKDOWN 



POR THE DD963 BASELINE SHIP 
AND TWO ALTERNATIVE ELECTRIC DRIVE SHIPS 









In comparison to other propulsion systems, the super¬ 
conduction electric machinery offers a truly compatahle 
transmission system with which to take advantage of the 
high-speed, compact and highly maintainable gas turbine, 
without the use of gears or controllable reversible pitch 
propellers for reversing. The arrangement flexibility 
inherent to electrical propulsion systems can now be 
realized without the weight penalty associated with con¬ 
ventional electrical machines. The cost of installing 
superconducting machines onboard a ship appears to be 
feasible when compared to the potential benefits associated 
with this use. 







CHAPTER 1 


ELECTRICAL MACHINERY FOR SHIP PROPULSION 

1.1 Background 

Interest in electrical propulsion systems has been 
generated by their inherent ability to provide speed 
reduction between a high-speed, efficient, lightwoight 
prime mover and a much slower, efficient propeller. The 
primary advantages of such an installation is the flex¬ 
ibility of design and arrangement of the machinery plant 
and the flexibility of control. 

While electrical transmission systems have a number 
of advantages, the primary reasons for a lack of wide¬ 
spread use have been; 

Higher acquisition cost than mechanical drive 
alternatives. 

Greater weight and volume requirements than mechani¬ 
cal drives. 

Higher transmission losses overall, resulting in 
a lower total system efficiency and a higher fuel 
usage than mechanical drives. 

With the development of superconducting electrical 
machinery for shipboard use, a great savings in weight, 
cost and volume may now be obtainable. Superconducting 
machinery provides all of the advantages of electrical 
propulsion with the disadvantages of large weight and 
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volume being greatly reduced. The reductiona in size and 
volume can have a dramatic effect upon the ship design 
by eliminating the need for the large machinery box 
required by the current mechanical drive propulsion 
systems. The result will be an increase in available 
volume in a highly desirable location, which can then 
be used for other shipboard functions. Another alternative 
result of a volume and weight saving propulsion system 
may be a smaller and less expensive ship that performs 
the same missions as the larger volume ship with a 
mechanical drive system. 

In the case where the power plant requires the use 
of several prime movers, the electric drive provides 
an efficient method of coupling these units to the 
propeller without the use of mechanical clutches or 
couplings. The electric drive system can be arranged 
in such a manner that the ship operating at less than 
full power will require only a minimum number of prime 
movers to be in service. (Chapter 2 contains the propulsion 
plant operating characteristics.) This contributes to 
greater fuel economy and provides down time for routine 
maintenance on idle propulsion units. 

Since some prime movers, such as gas turbines, are 
unidirectional machinesj an electric drive can produce 
the required reverse rotation of the propeller by relatively 






simple controls. This eliminates the requirement of the 
unidirectional prime movers for controllable and reversable- 
pitch propellers (CRP) to provide the desired reverse 
rotation. Switching to fixed-pitch propellers eliminates 
several disadvantages of the CRPj the extensive hydraulic 
control system, the maximum upper loading limit of a single 
propeller to 40,000 shaft horsepower, and the reduced 
effeciency of a CRP propeller over a fixed pitch propeller 
of the same given size and characteristics. 

Electric propulsion systems are classified as 
either direct-current (dc) or alternating-current (ac). 
Electric systems can further be defined by the type of 
prime mover involved, such as diesel engines or gas 
turbines. Traditionally dc drives have been desirable 
because they provide more rapid and continuous control 
of the propeller speed for excellent maneuverablility. 

As a result, superconductors were first applied to dc 
machines, thus increasing the maximum practical power 
level while allowing for small, light weight machinery. 
Superconducting dc machines require that full electric 
power must be carried onto the rotor at high current 
and low voltage. This presents significant current 
collection problems in high-power machines and constitutes 
a distinct disadvantage. (D(2)(3) 

The high-power electrical connections for an ac 







machine can be made directly to a stationary armature 
winding. They are of high voltage and low current when 
compared to a dc machine and are not subject to the high 
current collection problems of the dc machine. However, 
a high-power ac machine will require a rotating super¬ 
conducting field winding of low current and voltage. 
High-power ac synchronous machines have been proven 
practical by experimentation at mIT^^M**) and elsewhere. 
A great deal of work has also gone into proving that ac 
machines are suited for shipboard use.^^^^ 

The superconducting synchronous motor and generator 
under investigation in this paper belongs to the class 
of machines referred to as cold shield superconducting 
machines.(see Pig. 1.2) The principal functions of 
the cold shield (referred to as cryogenic shield or shield) 
are to shield the superconducting field winding from 
alternating magnetic fields and to prevent heat transfer 
in the form of thermal radiation. ^ 2 The rotor itself 
is held at or near 4.2°K while the shield would operate 
at a temperature of about 20°K. The damper shield (called 
the damper) operates at approximately room temperature 
and serves as an electro-mechanical damper and as a shield 
for time-varying fields. In the event of a fault, the 
damper absorbs strong crushing and torque loads. These 
loads are so strong that the damper must be strong, 
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consequently thick, relative to the shield.^ 

The rotor cross section consists of eight elements. 

(see Fig. 1.1) Arranged from inside to outside, they 
ares torque tube, superconducting field winding, field 
hoop support, shield insulation gap, shield, shield 
support, damper insulation gap, and damper. Between the 
armature and the damper is a gap which holds a vacuum to 
reduce the rotor windage loss and to provide thermal 
insulation. 

The outer shell outside the armature (called the stator 
core) provides a uniform boundary condition and confines 
the magnetic field to the machine. This shell is of 
laminated iron to reduce eddy current losses. The iron 
in this shield is soft and must be surrounded by an outer 
shell to proxect it. This steel outer shell acts as a 
frame and serves as a structural support for the entire 
machine. Fig. 1.1 

The torque tube is actually a cylinder that serves 
as a cryogenic thermal distance piece and supports the 
field winding. The torque tube must be thick enough to 
withstand the torque that is imparted to the cylinder by 
the magnetic flux field. The torque tube is sized for 
normal torque, based on the machine's full power rating. 
Stainless steel is used for the construction of the torque 
tube. 
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A superconducting field winding is the heart of the 
superconducting machine. This superconducting field 
produces an intense magnetic field without the use oft 
heavy and bulky ferrous material, electrical dissipation, 
and negligible electric power losses. When the temperature 
is reduced below a critical value (approximately 5°K) the 
superconductors support very high currents without 
resistance losses. Current in the stationary armature 
winding interacts with the large flux wave generated by 
the field winding and pulls the rotor around at synchro¬ 
nous speed in the same manner as a conventional machine. 

A conventional electric motor or generator operating at 
room temperature requires a heavy iron core to produce 
the magnetic fields necessary for proper operation. At 
these temperatures, there is electrict.1 dissipation and 
power losses. To overcome these losses, the machine must 
be made even larger. The size and weight of the iron 
core then controls the size of the conventional machine. 
Conventional machines become big and heavy when compared 
to superconducting machines of the same size. It is in 
this manner that a much smaller superconducting machine 
develops the same horsepower as a much larger conventional 
machine.(3)(5)(6)(?)(9) 

1.2 Baseline Ship 

A particular propulsion system cannot be judged 
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"as good as" dr "better than" another propulsion system 
unless *the systems are compared for a particular mission. 

For a Navy ship the primary mission of the propulsion 
system is to move a given pay load over a given distance 
at a required speed. Simple comparison of one propulsion 
system to another is not sufficient. The overall impact 
of each system on a given ship must be determined. 

Since, in most cases, the propulsion system has the largest 
single impact on the total ship, the propulsion plant 
becomes a major factor in final ship size, cost and pay 
load.^^ The sizeable volume and weight required for 
a propulsion plant and its fuel over shadows all other 
volume and weight requirements in a Navy ship. Not only 
is the magnitude large, but a feature unique to the 
propulsion system requires space which cannot be split 
up or scattered throughtout the ship, and in most cases 
it occupies the prime space in the ship.^ 1 ^ For the 
above reasons, a ship with a conventional propulsion 
system was needed for propulsion system comparison. Such 
a baseline ship was found in the DD963 class ship. The 
selection was based on the following primary consideration: 
The best lightweight prime movers for the superconducting 
system are gas turbines;therefore, the baseline ship 
should be gas turbine powered. 

The selection of the DD963 as the baseline ship was 
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governed by the fact that it is the only totally gas 

turbine powered ship in the U.S. Navy about which a good 

deal of specifications and information has been published. 

The basic characteristics of the DD 963 are contained in 

Table 1.1.^^^^ The power plant weights by BSC I 

( 12 ^ 

subgroups are shown in Table 1.2. ‘ The discrepancy 

between weight group 2 in Table 1.1 and the propulsions 
plant total weight in Table 1.2 can probably be attribu¬ 
ted to two different authors assigning individual aux¬ 
iliary equipment weights to different weight groups. 

For a comparison of propulsion systems to be 
based on a computer synthesis model, the volume and 
weight associated with the remaining ship functions 
must be held constant. The items to be held constant 
are BSCI weight groups 3 ,4,5 .6 and 7 . (see Table 1.1 for 
definition of BSCI weight groups). The full load loads 
will be allowed to change only to the extent required 
by changes in fuel dictated by the respective power 
plants. Weight group 1 will change by the amount 
required to compensate for different propulsion plant 
sizes and the different fuel requirements associated with 
each propulsion plant. With the above criteria being 
observed throughout the computer simulations, the re¬ 
sultant weight and volume changes will be due only to 
propulsion plant changes. The selection of the "best" 
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Length 529 ft. water line, 563.3 ft. overall 

Beam 55 ft. 

Draft 29 ft. (navigational) 19 ft. (hull) 

Speed 30 + knots 

Displacement Approximately 78 OO Long Tons (fully loaded) 
Crew Approximately 18 officers 232 enlisted men 

Propulsion 4 LM2500 Gas turbine engines 

80,000 shp 

2 shafts, 2 Controllable Pitch Propellers 

Electrical 

Power 3 Gas turbine driven generators 

Armament 2-5" , 54 caliber guns 

1 ASROC 8 Tube Launcher 

2 ASW Torpedo Mounts-Triple barrel 

Sensors Fire Control, Surface Search and Air 

Search Radars, Long Range Sonar 

BSCI GROUP DESCRIPTION 

1 Hull Structure 

2 Propulsion 

3 Electric Plant 

4 Communications & Control 

5 Auxiliary Systems 

6 Outfit & Furnishings 

7 Armament 
Light Ship (W/0 Margin) 

Margin 

Light Ship (with Margin) 

Full Load Loads 
Full Load Displacement 


WT(LONG TONS! 
3105.54 
759.93 
293-81 
354.17 
722.98 
452.01 
152.16 
5829.61 
89.87 
5919.48 

I 865.66 

7785.14 


Table 1.1 
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BSCI NO. 

SUBGROUP DESCRIPTION 

WT(L0NG TONS) 

201 

Propulsion Units 

244.14 

203 

Shafting, Bearings & Propellers 

253.15 

204 

Combustion Air Supply Systems 

58.3** 

205 

Uptakes(Smoke pipes) 

130.51 

206 

Propulsion Control Equip. 

10.97 

210 

Fuel Oil Service System 

10.10 

211 

Lubricating Oil System 

31.24 

250 

Propulsion Repair Parts 

8.50 

251 

Propulsion Operating Fluids 

42.23 


Total 

789.18 

Dry Weights 

of Principal Propulsion Components 

COMPONENTS 

NO.PER SHIP 

WT(L0NG TONS) 

Propulsion Gas Turbines 4 

81.25 

Propulsion Reduction Gears,Inc .Acc.* 2 

149.56 

Propulsion 

Bed Plates 2 

53-58 

Shafting 

*N/A( Total) 

156.43(34 ton/ft) 


CRP Propellers * 2 

CRP Propeller Hyd.Oil Power Module * 2 

CRP Propeller Oil Dist. Box * 2 

Line Shalt Bearings * 5 

Prop.GT Enclosure Cooling Fans 4 

IR Suppression Booster Pumps 2 

FO Service Booster Pumps 4 

LC Service Pumps 4 

Prop GT Lube Oil Storage 4 
Conditioning Assembly 4 

Prop GT Free Standing Electronics 
Enclosures 2 

Total 

•Removed or replaced for electric propulsion 


46.88 

5.45 
2.32 
9.72 

2.32 

1.61 

1.25 

4.46 

2.95 

.38 

516.16 


Table 1.2 




propulsion plant can be based between two ships identical 
in mission performance with differences only in propulsion 
plant size, weight and operating charcteristics. 

With this data as input, a ship synthesis model 
computer program' ' was used to simulate each of the 
different propulsion systems and resultant ship. A 
sample output of this computer program is shown in 
Appendix H. 

It soon became evident that the DD 963 would not 
fit directly into the ship synthesis model without some 
•bias" being fed into the computer program. The synthesis 
model is based on all past design practices and limita¬ 
tions ; the DD 963 is based upon a present and new design 
philosophy. 

The DD 963 is a very spacious and roomy ship by any 
design standards. When the DD 963 specifications were 
fed into the computer model, it generated a ship 900 long 
tons lighter than and 100,000 cubic feet of internal 
volume smaller than the actual DD 963 . This is due primarily 
to the DD 963 being a weight limited ship with excess 
volume available for all shipboard functions. The "bias" 
had to be fed into the computer program to include this 
excess volume in the simulated ships. 

During the comparison of the electric propulsion 
system to the mechanical propulsion system, care had to 
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be taken not to lose this excess volume when the electric 
propulsion was inserted into the program. Loss of this 
excess volume would give a false indication of the 
desirablility of the electric propulsion systme due to 
a much smaller volume requirement for propulsion machinery. 

As a check to ensure that none of this excess volume 
was lost or misplaced by the computer program, the decision 
was made to make two comparisons of the electric propulsion 
system and the mechanical propulsion system. This will 
indicate if a volume saving is due to the electric pro¬ 
pulsion system or if it is due to the tightening up of 
a loose design. 

The first comparison is to be made between DD 963 S 
with the excess volume as simulated in the computer with 
bias included in the program. The second comparison 
is to be made between DD 963 S as simulated on the computer 
based on past design limits where no excess volume is to 
be found. If the same relative volume and weight changes 
are observed in both comparisons, it would be a good 
indication that resultant weight and volume savings,(as 
simulated in the computer), of the electric propulsion 
system based on the actual DD 963 would indeed be a realized 
saving and not a false indication of volume reduction. 

The DD 963 is limited in weight,with any weight decrease 
bringing about an improvement in overall ship characteristics. 








The big advantage in the electric propulsion system is 
the weight savings due to decreased fuel and propulsion 
plant weight. The actual results of these comparisons 
can be found in Chapter 5 , with sample computer outputs 
given in Appendix H and E. 







CHAPTER 2 

PROPULSION MACHINERY DESCRIPTION 

2.1 Machinery Characteristics 


Once the prime mover and the transmission system 
have been selected the next design step is the selection 
of the basic propulsion plant configuration. At this 
point, the physical location of the individual pieces of 
equipment within the ship is not critical. The importance 
lies in how the power is to be passed from one unit to 
another to end up at the propeller with the least power 
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Figure 2.1 














loss. A straight conversion of the DD 963 power plant to 
electric propulsion is shown in Fig. 2.1. 

The four gas turbines are "of type" LM-2500 configured 
in an enclosed module for marine installation. The 
enclosed module provides engine cooling, sound attenuation, 
internal lighting, view windows, and fire extinguishing 
capability. Output power is via two flexible couplings 
connected directly to the input shaft of the superconduct¬ 
ing generator. The characteristics of the gas turbine 
are given in Table 2.1. The performance characteristics 
are shown in Fig. 2.2 and 2 . 3 . 


Rating Conditions 

Inlet Air Temperature (Power rating) 100®F 

Inlet Air Temperature (SFC rating ) 80°F 


Maximum Power Rating 

Brake Horsepower 
Power Turbine Speed 
Specific Fuel Consumption(SFC)Max 
Off Design Performance 

Dimension (Module) 


21.500 HP 
3,600 RPM 
0.42 lb/hp-hr 
see Fig. 2.2 


Length 

Width 

Height 


26 ft. 6 in. 
9 ft. 0 in. 
9 ft. 6 in. 


DD 963 PROPULSION 
TURBINE CHARACTERISTICS 


Table 2.1 
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The power out of each gas turbine is transmitted 
directly to a 20,000 HP superconducting generator. The 
operating characteristics and dimensions of the generator 
are shown in Chapter 4. The output frequency of the 
generator will be 60 HZ when the turbine is at 3600 RPM 
(full power), and 30 HZ when the turbine is at 1800 RPM 
(min. operating speed of power turbine), see Pig.2.3, At 
turbine speeds between 1800-3600 RPM, this frequency 
change will directly control the speed of the motor and 
hence the propeller speed. 

The switching power control unit produces one of the 
big advantages of an electric propulsion system over a 
conventional mechanical system. In the mechanical system, 
any given gas turbine is physically connected to a specific 
propeller. In the electric system, any gas turbine-genera¬ 
tor can be connected to either propeller. At low speeds, 
this can result in great fuel savings, as both propellers 
can be driven by one gas turbine. A single gas turbine 
operating at higher power is much more fuel economical 
than two turbines operating at a lower power rating. In 
Fig. 2.2, one turbine providing 17,000 HP has an SPC of 
.445 lb/hp-hr at 3000 RPM, while two turbines providing 
17,000 HP(8,500 HP each) have an SFC of .56 lb/hp-hr at 
2300 RPM. This works out to be a savings of 1955 lb/hr. 
This is only one example of savings offered by an electric 
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5000 1QOOO 15,000 2 0 000 2 5,000 

SHAFT HORSEPOWER 


SPECIFIC FUEL CONSUMPTION OF THE 
LM-2500 GAS TURBINE ENGINE AS A 
FUNCTION OF POWER LEVEL AND 
OPTIMUM POWER TURBINE SPEED 


Figure 2.3 
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propulsion system. A detailed breakdown of overall 
savings are given in Chapter 6. 

The control unit performs several important functions. 
The most important is providing the necessary reversibility 
of the propeller by controlling the direction of rotation 
of the superconducting motor. In addition to controlling 
the direction of the motor, the control unit can also 
control the speed of the motor. Speed control is accompl¬ 
ished by controlling the frequency of the electrical power 
to the motor. A possible method of propeller control 
for propeller speeds of 85 to 1?0 RPMs, would be the 
control unit employing a fixed frequency reduction and 
the speed of the propeller being controlled directly by 
the speed of the gas turbine (I 8 OO- 36 OO RPM) and the 
electrical output of the generator (30 to 60 HZ). At 
propeller speeds of 30 to 85 RPMs, the control unit 
would control the speed of the motor by using a variable 
frequency reduction. For this range of propeller RPM, 
the gas turbine would be held at a constant speed with 
the generator delivering power at a constant frequency. 

In this example, the control unit controls both the speed 
and direction of the propeller. Examples of different 
control units have been proposed.(2)(3)(5)(7) 

In basic design, there is no difference between 
a motor and a generator. Superconducting motors are 
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very similar to the superconducting generators, rhe major 
difference being, the motors are 40,000 HP each at 200 RPM 
maximum design speed, where the generators are only 
20,000 HP each at j6C0 RPM maximum design speed. 

Last in propulsion is the propeller which delivers 
the output of the motor to the water. The controllable- 
reversible-pitch propeller presently on the DD 963 can 
be replaced by fixed pitch propellers, which provides a 
higher effeciency. See Table 2.2. 


Rated Power 
Rating RPM 

Effeciency(open water) 

Diameter 

No. of Blades 

Hub Ratio 

Expanded Area Ratio 
Weight 


CRP 

40,000 HP 
168 RPM 

70* 

17 ft. 

5 

•30 

.75 

23.4 L Tons 


FIXED PITCH 

4C , 000 HP 
170 RPM 

73* 

17 ft. 

5 

.17 

.75 

18 L Tons 


PROPELLER CHARACTERISTICS 


Table 2.2 


The cryogenic refridgeration system is not shown in 
Fig. 2.1 , but it is am essential pairt of the propulsion 
system. The best configuration at present is to have one 
refridgeration system per electric motor, and at least 
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one system per two electric generators. With crossf- 
connect piping installed, this will provide the required 
reliability without excessive redundancy in the cryogenic 
systems. 

Chapter 3 contains the design of the superconducting 
motors and generators described in the above propulsion 
system. The remainder of the electrical transmission 
system is covered in Chapter 4. 
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CHAPTER 3 

DESIGN OF SUPERCONDUCTING MACHINE 

3.1 Introduction 

An optimization design program for the basic electri¬ 
cal design of superconducting generators and motors, has 
been used in this thesis, see Appendix A for computer 
program listing. This computer program optimizes the 
machine by seeking a design which minimizes a total "cost 
function", which is a function of machine weight, dimensions 
and operating characteristics. The operation of the 
optimization program and the bulk of the subroutine CF 
can be found in KIRTLEY et. al.^ 2 ^^ The portion of 
the subroutine CF which computes the damper stress and 
thickness is from a thesis by Furuyama.^ A detailed 
development of the mathematical equations and theory 
abstracted here, can be found in these previous works. 

The function of the computer program is to select 
an optimum design of a superconducting generator or motor 
for a machine of a given physical configuration and horse¬ 
power rating. An initial set of dimensions is assumed 
for the machine. The computer program, using this 
initial guess as a starting point, attempts to design 
a machine that provides the required horsepower, with 
the least weight, smallest dimensions and least internal 
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power loss based on a set of rules. 

The program is based on an optimization approach. 

For each trial design, a single number, called a "penali¬ 
zed cost" is generated. The program attempts to find a 
design for which this "penalized cost" function is a 
minimum. To accomplish this, it searches over the values 
of seven machine dimensions and the value of field current, 
see Table 3.1. The cost function is the product of two 
numbers: 

1. The "cost" is the sum of material weights. 

2. Penalty functions are established for 
several variables that will have values 

that are either acceptable or not acceptable. 
The penalty functions have very large values 
when their associated variables are unaccept¬ 
able. The penalty functions are multiplied 
together and then multiplied by the "cost" 
to form the "penalized cost". Penalty 
functions exist for: 

Maximum field current density 
Shaft critical speed 
Shaft stress 
Shield Flux limit 
Damper stress 
Armature inner radius 
Armature insulation thickness 
40 
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See eq. 3 .91 for the generation of the penalty functions. 

The optimization approach works by taking each of 
the eight search variables separately, and attempting to 
find a local minimum of the value returned by CF for 
each variable. Three calls to CF are made for each 
variable, with the value of the variable incremented 
twice by a fixed values 


Y x = CF(V q ) 


(3-D 

Y 2 = CF(V 0 + 

T^ DY) 

(3-2) 

Y 3 = CF(V Q + 

2 x T w x DV) 

(3-3) 

A second order curve of the 

these three points 

following form, 

when fit to 

Y(V) = aV 2 + 

bV + C 

(3-4) 


will have as its postition of zero slope 


V = V. 


V V 


- 4Y 2 


2Y, 


4Y 2 + 


2Y. 


(3.5) 


This resulting position will be a minimum of that second 
order curve if the second derivative of Y with respect 
to V is greater than zero 



Y 1 + Y 3 


2Y 2 >0 


(3.6) 


42 










The optimization routine then selects the "optimum" 
machine design based on the penalty functions generated 
in subroutine CF, which is fit to the curve of eq. (2.4) 
to find the minimum "cost" times "penalty". Following 
is a summary of the calculations performed in the main 
subroutine CF. 

3.2 Subroutine CF 

Subroutine CF utilizes two subroutines, CS and CM, 
which calculate the geometric parameters used in the 
inductance expressions. 

The optimization variables or search variables,(see 
Table 3.1) 


R fi 

is 

field inner radius 

T hf 

is 

field thickness 

G fk 

is 

field-to-damper gap 

T hk 

is 

damper thickness 

G ka 

is 

damper-to-armature gap 

T ha 

is 

armature thickness 

G as 

is 

armature-to-core gap 

X f 

is 

field current density 


Table 3.1 


are passed into CF through the vector Y, which is the 
only argument into CF from the optimization program. 
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With the exception of the values of V and the returned 
value of CF, which is the penalized cost CF, all other 
variables used by CF are fully self-contained within 
the subroutine. All other values generated by CF and 
passed to the output are the optimum machine dimensions 
and characteristics. 

3.2.1 Machine Length and Synchronous Reactance 

The calculation of machine length and synchronous 
reactance is generalized by an arbitrary number of armature 
phases and the inclusion of an armature winding factor. 

This calculation is complicated because of a voltage drop 
in synchronous reactance over the unknown machine length, 
and by the effect of the end turns. The machine rating 
in voIt-amperes is given by: 


VA 


VaVt 


(3.7) 


where 



is rating in volt-amperes 

is the number of armature phases 

is phase voltage (RMS) 

is phase current (RMS) 


The RMS value of the internal voltage may be written as: 


E 


f 



(3.8) 
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where 


field-armature mutual inductance 
given by eq. ( 3 . 13 ) 


The relationship of to can be obtained from the 
phasor diagram for machine operation (see Fig. 3.1). 


yields 









where x^ is machine synchronous reactance in ohmsi 


K 

C A 2 ^a 


(3.10) 


and i is power factor angle. L a is the phase self -induct¬ 
ance, given by eq. (3.14). By dividing and then rearrang- 
2 

ing eq.( 3 « 9 ) by , the ratio between terminal voltage 
and internal voltage is obtained: 


* + 2 2 
(- 5 -) = 1 - x_ cos + - x Q sin i 

N » » 


(3-11) 


where 


x_ = 


Vt 


a E. 


(3-12) 


is the synchronous inductance normalized to internal 
voltage. The two inductances used here are: 


VoVf 0^^ 3in(^fS)(l-/ < ' 2 )[~R f0 1 


M = 


P * 6 »ae 8 „ fe ^ f 1 -* 2 ’ 


r R foi p 

L_ aoJ 


(3.13) 


L a = 


161 .N 

_oa o a 


sin^(- 


f 1 - 2 ) 2 


C It * 
s wa 


(3-14) 
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where 


wfe 


is 

is 

is 

is 

is 

is 

is 

is 


fo 


is 

i3 

is 

is 

is 

is 

is 


active length for mutual coupling 
active length for self-inductance 
permeability of free space 
number of armature turns 
number of field winding turns 
armature phase winding angle 
field winding angle 
armature radius ratio 

field radius ratio 

field outer radius 
armature outer radius 
the mutual coupling coefficient see eq.( 3 . 30 ) 
the number of Pole pairs 

the self-inductance coefficient see eq.(3.31) 
the armature winding factor 



The field and armature currents are related to current 
densities by: 


X f = 


J f 9 wfe R fo 2 (1_y2) 


2N 


ft 


X a = 


J a 9 wae R a 0 2 (1 “* 2) 


2N 


at 


(3-15) 


(3.16) 


4 ? 








Now, substituting eqs. (3*8).(3*11).(3-13).(3-1*0 *(3.15) 
and ( 3 . 16 ) into eq.( 3 « 7 ) and performing some manipula¬ 
tions yields 1 


(3-17) 


VA = P 


P a 


2 2 

l-x_ cos f - x„ sin* 

cL a 


where 


P 


P 


8t W- -0 2+P R ao 2 ' P C , 

J 2rr 


k 

wa 


sin(- 


'■) sin(-^) 


(3.18) 


Substituting eqs.(3*8).(3-10),(3-13). and (3.14) into 
eq.( 3 . 12 ) yields: 



(3.19) 


where 


^ % a £a sin( 


wae> 

_ 2 ' 

J f sin(i wfe ) 


r D 12 +p 


L R fo. 


wa 


C m (l-y 2 ** 


( 3 . 20 ) 


The effect cf end turns on self-inductance can be 
represented by: 


( 3 . 21 ) 
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The end turn correction length a is postulated to be 




( 3 . 22 ) 


In this equation is used to describe different end 
turn forms and the factor is used to assign part of 

the end region to mutual coupling. 

Combining eqs.(3.19).(3*20) and (3.21) yields: 



By defining: 



(3.23) 

(3-24) 


and then dividing eq.( 3 . 23 ) by YA, the following is 


obtained: 



(3.25) 

( 3 - 26 ) 



(3-27) 
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Eq.(3.25) can be solved for a: 


a 



1 + 2x.0sin* + x i 2 p 2 


(3.28 


where 




a 


' 


2 

x i P + Xi sin^r 



(3-29 


Per-unit synclironous reactance based on terminal voltage 
is then determined to be: 



3-2.2 Geometric Coefficient C and C 

____m_s 

The geometric coefficient C is calculated by the 

m J 

subroutine CM, with arguments p,x and w. For mutual 

inductances involving the armature winding, C is found 

m 

as follows: 



8 




c „ - 


l-x 2 '? + U-x*' P )w 2p 


2+p 


if p/2 (3 









The geometric coefficient C g is calculated by CS with 
the arguments p,x and w for self inductance. 


r _ x 4 log x . 1-x 4 , (1-x 4 ) 2 4 

C s-2 + + - ' ; w 


T6~ w if P = 2 


(2-p)4x^ 2 + 3x p + 2(—g) (l-x 2+p ) 2 2tj 
C s “ 


p(4-p 2 ) 


* p if p / 2 

(3-3D 


The above procedure is used for the self-inductance 
of all windings, by substituting appropriate parameters 
for x and w. 

Overall lengths for the damper and field winding 
axe computed in the same fashion as for the armature. 
Bearing length is assumed to be damper length plus the 
length of the thermal distance pieces. The thermal 
distance piece length LTK, is an input constant. 

3.2.3 Effective Current Density 

As stated, the armature conductors are not aligned 
with the axis of the machine; therefore, the axial com¬ 
ponent of the current which produces the interaction is 
found by: 


J ah = J a ccs 0 h 


(3-32) 
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where J is the total current density in the helical 
a 

path, and e. is the helix angle: 


9 h = tan 


-1 " R ai 


(3-33) 


If x^ is computed according to eq.(3.20) and using 


total current density J a , the internally based synchronous 
reactance will be found to be: 


x„ = x. cose,(1 + —) 
cl 1 n _ 

a 


(3.3*0 


where a is given by eq.(3*22). 

The machine length i is found by: 


P COS0, ) 

P “ 


(3.35) 


where P^ is found by eq.(3.lS) and using total current 
density J a> 

3.2.4 Transient and Subtransient Electrical Parameters 


Transient reactance for che machine can be found 
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by: 


X , = X. 


1 - 


L a L f, 


(3-36) 


The equation for is the same as eq.(3.1*0 for with 

the substitution of y for x, R- for and 0, - for 
" to ao wte 

9 wae’ Substituting these values into eq.(3-36) yields: 


x, = x. 


1-4 


J? 2 k 
a wa 


C 2 (l-y ^” 2 ) 2 


L 


C s( p,x,R ao/Rj C s( p,y,R fo/Rj 


(2£o )' 

'R ’ 


(3-37) 


Subtransient reactance is given by: 


x," = x. 


1-2 ( 


Wof’ C s (p ’ x ’ w) C s( p - I - R ko/R s ) 

1 

J (3.38) 


m 


(^£) 2 ? < 1-^ 2 ) 2 

R ao 


The dynamic performance of superconducting machines is 
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a very important aspect of the overall machine design. 

This is brought about by a conf3ict between adequate 

rotor shielding, which requires a high rotor conductivity 

and a damping of rotor swings, which requires a lower 

conductivity. The damper time constant T and the 

s 

armature time constant T a are given by: 


T s = 5 'o R ko< R ko - R ki> *k (1 + R ki/\ 0 )2P (3 ‘ 39) 


2, q sir.-(-p) y a R ao 2 C s ( P ,x,R aoAs )N^ a ^ 
1 T 6 wae (1 - x2) 


(3.40) 


The open-circuit subtransient time constant isi 


x ' - x," 
T do" - --) 


(3.^1) 


d ' d 


Field Current Rise 


An estimate must be made of transient field current 




resulting after a fault or short circuit. The value 
calculated here, corresponding to maximum field current 
during a critical swing, is used later to determine if 
the field current is within limits. 

Two assumptions are made to simplify the calculations! 

1. Field flux is constant over the period of 
the swing. 

2. There is no shielding of the field for 
this Transient. 

E fo is voltage behind synchronous reactance corres¬ 
ponding to the operating condition in which: 

If Q is field current 

6 q is torque angle 

and 6^ correspond to the fault condition 
The field current rise is: 


hi 2 *A - V , _ , 

' E fo V + x e ° 


The initial torque angle is found by: 


, „<„-l I p(x d * x e } ^ 
. V E fo J 


6 o = sin 


(3.^2) 


(3.43) 
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2 

The values of E fp and V* are found from the following 
expressions: 


E fo 2 = v t 2 + <Vt > 2 + 2 Wt 3in * 

V. 2 = Y t 2 + (x E I t ) 2 - 2 x E I t V t sin* 


(3.44) 

(3.45) 


3.2.6 Torque Tube Thickness 

The inner member of the rotor is a heavy-walled 
cylinder called the torque tube. The primary requirement 
on the torque tube is that the stresses be kept below 
the yield stress cf the material. This yield criterion 
is necessary in order to avoid any fatigue failures or 
changes in dimensions which could result in a mechanic¬ 
ally unbalanced rotor. 

The computer program attempts to estimate the 
thinnest torque tube that will take the worst-case 
fault torque duty. During a fault, the radial forces 
generated will force the torque tube into an out of 
round condition. All circumferentially dependent loads 
are averaged and treated as uniformly distributed forces. 

The max shear stress is given by: 


r max 




(3.46) 
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The two components of stress axe shear stress resulting 
from torque 


2Tr 

’ ,(R bo“ - R bi 4 ) 


and tensile centrifugal stress 


(3-47) 


a 


9 







(3.48) 


where r is the radius: 


R bi 

is 

inner radius 

of 

torque tube 

R bo 

is 

outer radius 

of 

torque tube 

p 

is 

mass density 

for torque tube 

V 

is 

Poisson's ratio 

for torque tube 

T 

is 

torque 




The computer program tests the maximum stress 
eq.(3.46) at the inner and outer radii of the torque 
tube. It compares the larger of the two stresses with 
the stress limits which axe an input to the program. The 
program will accept torque tube stresses between: 
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.95 


lim 


(3.49) 


r 1* r Jr 

lim max 


If the maximum stress is not within these limits, the 
program computes a new value of inner torque tube radius 
divided by -he outer torque tube radius which is a ratio 
of torque tube thickness and then recomputes the maximum 
stress limits. 

If eq.(3*47) is not satisfied after 250 tries, the 
programm assumes a solid shaft and computes the maximum 
stress in this shaft. The maximum stress level r 

max 

will later be used in a penalty function for torque tube 
stresses. 


1.2.7 Damper 


The damper is a thin conducting cylinder located 
at the outermost diameter of the rotor. The principal 
functions of this damper shield are to shield the super¬ 


conducting field winding from alternating magnetic 
fields and tc damp the mechanical oscillation of the 
rotcr. In the event of a terminal fault, the damper 
has to withstand the strong crushing and torque loads. 
These loads must be computed in order to insure adequate 
thickness of the damper. The force per unit area on the 
damper during a terminal fault is given by: 
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(3-50) 


a 


T 




) 


= 'o< H eo - H ei )H r 


(3.5D 


In a magnetic field, where H r is the radial component 
and the tangential components inside and outside the 
cylinder are H . and H.. respectively.^ 

The magnitude of the fundamental component of the 
tangential field at the damper due to the average rms 
armature current density J a is given by: 




sin(- 


: ) R 


ao 


■x + ^(l-xOte* 2 ) 

3 R mi J 


(3-52) 


The tangential field at the angle 9 outside the damper 
due to the armature current immediately after a fault is: 


H ea * ^ si'-.(-p) R ac V 


1-x + i(l-x 3 )(^2) 2 

3 R mi 


r 


| ^~T„ j^C 0 s (wt+ 9 ) -C 0 s (9 )j + cos(wt+0'-9+^- 1>) 
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The tangential field inside the damper due to the rated 
armature current, which is not affected by the fault, 
is given by: 


eao 




sin(- 


wae 'n T 
2 ' R ao J ar 
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The tangential field at the damper, due to the field 
current, which is constant before and immediatley after 
the fault is: 


H„, = ^ sin(-^)R s (^) 3 (l-y3) 
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(3-55) 


The current in the damper is induced so that the radial 
component of the total field is kept constant before and 
after the fault. Immediately after the fault, the field 
due to this induced current is: 


R_ 2 


l-(^-) 


0s 


sin (^e )R ; !_x + i(i_ x 3)( aO) 


r _. x. 


R s 2 

n-(lr-) 

_ R mi J 


ao 


L 


mi 


J ar i_ cos ( vrt + 0 * 0 ) - cos(( 2 T - ej] ( 3 . 56 ) 


60 










Adding up these components, the total tangential 
field outside the damper immediatley after a fault is 
obtained. 


H eo - H ea + H es * 


(3.57) 


The total tangential field for the inside is; 


H ei H ef + 


9ao 


(3.58) 


To obtain the maximum value of a , it is assumed that the 
maximum a r occurs when the traveling wave (sum of three 
terms which have *»t in eq.(3.57)) comes to the same phase 
as the standing wave (cos(0'-9) terms in eq. (3.57). ^ 


a r * a r i + c r2 cos ~ 6 + y) (3-59) 


where 


*rl = TT^ - d2 - ^ 


(3.60) 
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(3.61) 
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(3-63) 

(3-64) 

(3.65) 

( 3 . 66 ) 
(3.6?) 
( 3 . 68 ) 


For concentrated radial force as shown in Fig. 3 . 3 , 
the radial displacement u and the bending moment M are 
given by: 



M_ 

El 


(3.69) 


where M is found from eq.(3.68). For the bending stresses 
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The deflection is then solved: 


PR 3 pr 3 pp 3 

u = nEl “ Wi • sin " “ Wl cos a 


(3.7D 


For the distributed load as shown in Fig. 3.4, the 


deflection at angle a is: 


x 4 a r2 R 

u(<*) = -r— cos 2 " 

^t 


(3.72) 


where t is the thickness of the damper. 


The tending stress in Fig. 3.4 is then given by: 


2a r2 R* 

a, = - x -cos 2 <* 

b t 2 


(3.73) 


Adding the deflection and the stress due to the centri¬ 


fugal force and the uniform magnetic force to eqs.( 3 « 72 ) 
and( 3 » 73 ) the total deflection and stress are obtained. 
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Using eq.(3.7^)« the thickness t of the damper can 
be calculated such that the maximum allowable stress and 
deflection will not be exceeded during a terminal fault. 
3.2.8 Negative Sequence Losses 

Negative sequence currents in the stator produce a 
magnetic field distribution which rotates in a sense 
opposite that of the rotor. Since the damper is a good 
shield, it excludes this magnetic field from the rotor 
and must match this field at its surface. The magnetic 
field at the surface of the rotor is given by: 


4 sin( 2 

- J a r 2 5 -^ 


wae 
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The current density in the damper is: 


J 


k 


The negative sequence less in the damper is then given 
by: 
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where 



< *.+ — p R,jIi ) 


(3.78) 


3.2.9 Armature Losse s 

Conduction losses in the armature are calculated by: 


^a Ok °wae ‘Va K ao 


2 (1-x 2 ) L 


:3.8o) 


3.2.10 Field at Shield Radius 

This is the radial magnetic flux density at the 

inner radius, R , of the stator core: 
s 


J f sin(- 


wf e 


rs 


( 2+ p) 


) R f n 2-t-p 7 

s s 


(3.81) 


The core cuter radius is then found by using the 
magnetic flux density and the inner radius: 


R so = R s (1 + F 


rs 


( 3 - 82 ) 


3.2.11 Field at an Inner Corner of Field Winding 

The highest field intensity is assumed to occur at 
the inner radius of the field winding, and at positions 
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adjacent to pole faces. The radial and azimuthal fields 
are calculated by: 


H r ’ 5 H n sln ‘i Vfe’ ‘3.83) 

H e H n ccs 'f W 0.84) 
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(3.85) 


The maximum field intensity is then: 


H max =sl H r 2 + H » 2 (3-66) 

1.2.12 Rotor Critical Speed 

The rotor is assumed to be a beam cf constant stiff¬ 
ness and mass, simply supported at both ends for the 
purpose of estimating rotor first-critical speed. The 
first critical frequency is then: 

V = 9.875 , E k ~ ■ (3-87) 

° vJ 

^ br is bearing length 

M is mass per unit length 






It is further assumed that the only stiffness is 
provided by the torque tube: 


I = 




l bi ) 


( 3 - 88 ) 


The mass per unit length includes the entire rotor 
which consist of the torque tube, field windings, hoop 
binding material for field winding, shield and damper. 
The length is assumed to be the bearing length 
3.2.13 Stator Core Losses 

It has been assumed that all of the core is operat¬ 
ing at roughly a uniform flux density, and hence a uni¬ 
form loss density. 


P = M P 
core core m 


where: 

VI 

core is the total core mass 

P is dissipation per unit mass 

m 


(3-89) 


Core dissipation per unit mass is estimated to be a 
simple power function of flux density: 


P„ = PJ- 


smax 


where: 

E rs is computed in eq.(3.Sl) 


(3-90) 
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J3 „„ is core flux limit 

smax 

P Q is dissipation per unit mass when the 

core is operating at its limiting 
flux density 

y reflects the rate of change of loss 

with flux density 

All the above, except for B rs , are input variables. 

3.2.14 Cost Function 

Tne r.cn-penalized cost is the cost of the machine 
in weight. The weight includes the support tube, damper, 
armature windings, field winding, iron in the core and 
binding material. A weight loss in KG/watt is also found. 
3.2.16 Penalty Functions 

The cost of the machine, such as weight, current 
losses or stresses is modified by multiplying by a set 
of penalty functions. These are of the forms 

F p = .9 + .1(Q/Q f ) 15 (3-9D 

where: 

Q is quantity being penalized 

Qj is the maximum limit for that quantity 

This quantity is close to 1 for values of Q less than 
Qj , but becomes v?ry large for values of Q greater than 
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The field-current-limit penalty function is slightly 
different. The extremes of magnetic field and current 
density in the field winding are H mgv eq.(3.86) and J f I fl 
eq.(3.42). This combination must be compared to the 
H-J curve. The magnetic field-current density curve 
is approximated by a six-segment piece-wise-linear curve 
as shown in Fig. 3 . 5 . The data representing this curve 
is input at two five-element vectors, one representing 
the values of H, and the other representing the vlues 
of J. 


H-J CURVE 

H I 



If H is greater than H, , the field-current-limit 
max 1 

penalty function is set to a very large number. If K max 
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falls between the values of and H^, the computer 
program does a direct linear interpolation to find the 
critical current density J. If H^ ax is less than , 
the critical current density is set to J^ . 

The final penalized cost function CF, is the product 
of the cost and all of the penalty functions. This is 
the value returned by CF to the optimization main program. 
The value of CF is used as a figure of merit for each 
different machine iteration. The machine selected by the 
program is the one with the lowest value of CF. 
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CHAPTER 4 


Superconducting Propulsion Plant 

4.1 Introduction 

Chater 1 has covered the basic machinery configuration 
of the electric propulsion system. The actual design 
of the superconducting machine is described in Chapter 3 . 

The "optimized" electric m&chi. and the associated sub¬ 
systems necessary to complete the entire propulsion 
system will be discussed here. 

The output of the optimization program is an "optimum 
machine" only for one particular set of assumptions as to 
machine design requirements and costs. The fixed inputs 
common to both the generator and the motor are given in 
Appendix F. The initial guess for the search variables 
or optimization variables are shown in Appendix D. The 
combination of these inputs yield the optimized generator 
design and motor design described in Sections 4.2 and 4.3 
of this chapter. The requirements of the machines described 
in sections 4.2 and 4.3 are then used to determine the 
characteristics of the remaining subsystems in Section 
4.4. 

4.2 Superconducting Generator 

The first step of the electric propulsion system 
design process was the design of a 20,000 HP 3»600 RPM 
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synchronous generator driven by 20,000 HP gas turbines. 

A summary of the results are shown in Table 4.1. The 
detailed computer output results are contained in 
Appendix B. 

All of the machine dimensions, machine volume and 
the weight of active parts are computed by the computer 
program. A steel outer shell for machine structure 
support was included as additional weight and volume, 
resulting in the total machine volume and weight. (The 
computer program did not compute the outer shell character¬ 
istics. Provisions can be made at a later date to include 
this in the program.) The steel outer shell was assumed 
to be one-half inch thick (.012? M) plus the structural 
supports required to mount the machine to a foundation. 

The end bells were assumed to be 3/4 inch thick steel 
and the same diameter as the outer diameter of the newly 
added steel shell. 

Using these new dimensions,the new volume is calculated 
to be 1.1 and the new total weight is 4309.2 KG. The 
weight of 4309.2 KG also takes into account the weight 
of the generator feet and steel supports necessary to 
mount the machine to its foundation. 

4.3 Superconducting Motor 

The next output of the optimization design procedure 
was a 40,000 horsepower, 200 RPM synchronous motor. A 

73 









A SUMMARY CF RESULTS 
FOR 

A 20.000 HP GENERATOR 
Table 4.1 


Mechanical Rating 
Electrical Rating 
Mechanical Speed 


20,107 HP 
15 MV A 
3.600 RPM 


Number of Poles 

Active Length 

2 

.69 M 

27.2 

IN 

Overall Length 

1.52 M 

59.9 

IN 

Field Winding Inside Diameter 

.19 M 

7.7 

IN 

Outside Diameter 

.25 M 

9.8 

IN 

Armature Winding Inside Diameter 

.43 M 

16.9 

IN 

Outside Diameter 

.62 M 

24.4 

IN 

Iron Shield Inside Diameter 

.67 M 

26.4 

IN 

Outside Diameter 

.92 M 

36.2 

IN 

Machine Volume 

1.01 M 3 

35-7 

FT 3 

Weight of Active Parts 

3,175.4 KG 

3.1 

T 

Total Machine Volume 

1.1 M 3 

00 

00 

FT 3 

Shell,EndBells.Bearings & 
Structural Support 

1,133.8 KG 

.9 

T 


Total Weight of Machine 
Synchronous Reactance 
Transient Reactance 
Subtransient Reactance 


4,309.2 KG 
1.38 
1.18 
1.20 


4.0 T 
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summary of the results for the 40,000 HP motor are shown 
in Table 4.2. The detailed computer output for the motor 
is contained in Appendix G. 

The dimensions of the active machine parts are 
computed by the optimization program, while the weight 
and volume of the steel structural shell and the weight 
of the motor feet were added to the computer output to 
produce the total machine weight and volume. For the 
motor, the steel outer shell was assumed to be 3/4 inches 
thick and the end bells 1 inch thick. The structural 
support of the motor is heavier than that for the generators 
because the motor must support the high torque loads 
associated with the propeller providing thrust to move 
the ship through the water. 

The summary of results for the 30,000 HP motor are 
shown in Table 4.3. The 30,000 HP motor was designed 
when it became necessary to reduce the size of the ship's 
propulsion plant from 80,000 shaft horsepower to 60,000 
shaft horsepower. Chapter 5 Sections 5-3.1 and 5-3.2 
explain why the installed shaft horsepower was reduced. 

The total machine weight and volume were computed in the 
same manner as that for the 40,000 HP motor. The computer 
output for the 30,000 HP motor is contained in Appendix D. 
4.4 Subsystems of Superconducting Machinery 

Cryogenic refrigeration systems are necessary to 
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A SUMMARY OF RESULTS 
FOR 

A 40,000 HP MOTOR 
Table 4.2 


Mechanical Rating 
Electrical Rating 
Mechanical Speed 


40,214 HP 
30 MV A 
200 RPM 


Number of Poles 

Active length 

6 

1.51 M 

59.4 

IN 

Overall Length 

2.35 M 

92.4 

IN 

Field Winding Inside Diameter 

.86 M 

34.0 

IN 

Outside Diameter 

.93 M 

36.4 

IN 

Armature Winding Inside Diameter 

1.11 M 

43.7 

IN 

Outside Diameter 

1.46 M 

57.4 

IN 

Iron Shield Inside Diameter 

1.52 M 

59.9 

IN 

Outside Diameter 

1.73 M 

68.2 

IN 

Machine Volume 

5-52 M 3 

195.3 

FT- 

Weight of Active Parts 

13.394.13 KG 

13.2 

T 

Total Machine Volume 

6.01 M 3 

212.8 

FT- 

Shell.EndBells,Bearings & 
Structural Support 

1948.17 KG 

1.9 ' 

r 

Total Weight of Machine 

15,342.3 KG 

15.1 ' 

r 


Synchronous Reactance 
Transient Reactance 
Subtransient Reactance 


1.01 

.87 

.86 





A SUMMARY OF RESULTS 
FOR 

A 30.000 HP MOTOR 
Table 4.3 


Mechanical Rating 

Electrical Rating 

Mechanical Speed 

Number of Poles 


30,161 HP 

23 MV A 

200 

6 


Active Length 


1.19 M 

46.85 IN 

Overall Length 


2.01 M 

79.1 IN 

Field Winding Inside 

Diameter 

• 79 M 

30.94 IN 

Outside 

Diameter 

.86 M 

33,86 IN 

Armature Winding Inside 

Diameter 

1.05 M 

41.15 IN 

Outside 

Diameter 

1.40 M 

55.1 IN 

Iron Shield Inside 

Diameter 

1.46 M 

57.56 IN 

Outside 

Diameter 

1.67 M 

65.71 IN 

Machine Volume 


4.68 M 3 

I 65.6 FT- 

Weight of Active Parts 


10,577-7 KG 

10.4 T 

Total Machine Volume 

Shell,End3ells,Bearings & 

4.68 M 3 

165.6 FT 3 

Structural Support 


1,689.2 KG 

1.6 T 

Total Weight of Machine 

Synchronous Reactance 

Transient Reactance 

Subtransient Reactance 


12,266.9 KG 

.98 

.87 

.86 

12 T 


77 









provide the helium for super-cooling the previously 
designed motors and generators. A diagram of a sample 
refrigerator/liquefier system is shown in Figure 4.1. 

The liquefier produces liquid helium which is stored in 
the liquid accumulator. The liquid helium is piped 
directly from the liquid accumulator to the superconducting 
field winding where it provides the necessary cooling by 
expanding back into a vapor. The returning helium vapor 
from the field winding passes through a precooler in the 
Liquefier, increasing the overall cycle effeciency. At 
present, most of the high capacity helium refrigeration 
units in use have been constructed for fixed installations, 
where weight and size are of secondary importance. The 

fixed installation type of compressors are a low-speed 

I 

reciprocating compressor of bulky construction. They 
generally require massive foundations because of the 
reciprocating loads. Machinery of this size is totally 
unacceptable for shipboard use, where weight and size are 
at a premium. 

The rotary compressor is a new entry to the field 
of helium refrigeration systems which will overcome the 
disadvantages of the reciprocating compressors. At 
present, there is not a great deal of information concern¬ 
ing high capacity rotary units. Experiments at MIT and 
elsewhere^^ have produced similar results as to the size, 
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weight and operating characteristics of the rotary com¬ 
pressor necessary to supply the cooling requirements of 
the motors and generators designed in this thesis. 

The cooling requirement for the superconducting 
machines is an input to the program. This input, RP, is 
a penalty function for cryogenic refrigeration based on 
specific power consuption (watts input per watt at 4.2° K). 
Based on experience at MIT, the value of RP is assumed to 
be 1000. Using this value for specific power consumption 
of watts/watt cooling capacity, the required capacity in 
watts for the helium refrigerator can be determined.^ 

Capacity Weight Volume 

10 watts 2000 lb. 100 ft^ 

A refrigeration unit of the above dimensions would 
be used to supply the cooling requirements for one super¬ 
conducting machine. Four generators and two motors would 
then require the use of six refrigerators of 10 watt 
capacity. Cross-connect capabilities could also be 
included as a backup for each system. If the liquefier/ 
refrigerator system for one of the superconducting machines 
should suffer a breakdown, the appropriate cross-connects 
could be made and the unit in question would be cooled 
by liquid helium from another machine's liquefier/refrigera- 
tor. 
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Marine cable systems used for connecting main 
generators to the main propulsion motors are sized for the 
allowable losses caused by joule effects. Cable weight 
can be a significant component in electrical propulsion 
systems. The cable weight depends on the voltage, current 
and allowable resistance per length. The advantage of 
ac propulsion systems over dc propulsion systems is that 
significantly higher voltages can be used. Higher voltage 
systems require a lighter cable, which is important in 
systems requiring minimum weight and volume propulsion 
machinery. 

Cables for ac propulsion systems have been studied 
to show the relationship between weights and losses. 

These studies indicate that a light-weight cable system 
is possible with air-cooled cables/ 1 ^ see Table 4.4. 

The results in Table 4.4 are based on an allowable voltage 
drop of 9-8 Y/100 ft. The area shown in Table 4.4 is 
the total copper cross-section area necessary to carry 
the 3-phase current at the given voltage. A 6900 volt 
system was used to produce the lightest weight cabling 
system. At 6900 volts, the maximum current will be 
1,260 amps and the maximum transmission loss will be 28 KW 
per 100 ft., resulting in a .1 percent power loss. 




Table 4.4 


Voltage 

Current 

Area 

Weight 

Loss 

4160 V ac 

2.100 A 

1.36 in 2 

6 lb/ft 

45 KW/100 

6900 v ac 

1.260 A 

1.04 in 2 

4 lb/ft 

28 KW/100 


For a 3-phase ac system, three conductors of the 
combined size and weight given above must be used to 
transmit power from the generators to the motors. This 
works out for a single conductor to be .384 inches in 
diameter and 1.33 lbs/ft. The weight of the conductor 
is further increased by about 40 percent with the addition 
of armor, lead shield and insulation. Each conductor 
is also surrounded by a 4 inch conduit which provides 
forced-air cooling and an added margin of insulation. 

If this conduit were constructed out of aluminum, it 
would weigh approximately .62 lb/ft for each conductor. 
Adding all of the weight together results in a total 
weight for the three conductors of 7.46 lb/ft. 

4.4.2 Switch Gear and Control Units 

There is very little information on full scale 
switch gear such as would be used on shipboard with 
superconducting electric machinery. Most of the techno¬ 
logical work performed to date has been on laboratory 
size machinery, the results of which can be used to 
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predict the size and weight of the full scale machinery. 

The product of one such study by Rainsindicates 
that the switch gear will weigh approximately 2.9 tons 
and occupy approximately 600 ft^. The switch gear and 
control units consist of the actual switching mechanism 
which controls the direction of the motor and an electric 
converter which controls the speed of the motor. The 
electronic converter.will most likely be of the cyclo¬ 
converter type. A cycloconverter is a solid state device 
that converts three-phase fixed frequency power to three- 
phase variable frequency power. The frequency of the 
output power from the cycloconverter directly controls 
the speed of the motor. A cycloconverter of sufficient 
power rating to accomodate a 40,000 HP motor will weigh 
approximately 3*9 tons and require 200 ft^. Two cyclo¬ 
converters and the switch gear will occupy 1000 ft^ and 
weigh approximately 10.7 tons. This study also indicates 
that there will be 19.2 tons of miscellaneous equipment 
which will be added to cover items omitted from this thesis. 
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It. .I. 


CHAPTER 5 

COMPARISON OF ELECTRIC DRIVE WITH 
MECHANICAL DRIVE FOR SHIP PROPULSION 

5.1 Introduction 

The size and weight of the machinery components 
required to convert the propulsion plant to electric 
machinery were calculated in Chapter Four. In this 
chapter, these components will be combined with the re¬ 
mainder of the propulsion machinery to predict the result¬ 
ant size and weight of the new electric propulsion system. 
The new system will be compared to the old mechanical 
drive system to measure the overall savings produced by 
the superconducting electric propulsion system. The 
comparison will be made for two different baseline ships 
as described in Chapter Cne. The first being the Model 
Baseline and the second the DD 963 Baseline. 

The Model Baseline is the DD 963 as synthesized on 
(14) 

the ship synthesis model' without the excess volume 
present in the current DD 963 design. The DD 963 Baseline 
is the DD 963 as synthesized with all of the excess volume 
included in the design. A brief description of the Ship 
Synthesis Model for Naval Surface Shipsalong with 
a sample input and program output is shown in Appendix H. 
Table 5.1 contains the computer synthesized characteristics 
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Table 5.1 

CHARACTERISTICS OF MODEL BASELINE 
AND DD963 BASELINE 


CHARACTERISTIC 


MODEL 

BASELINE 


Max. Sustained Speed, knots 
Sustained Speed SHP, horsepower 
Endurance Speed, knots 
Endurance Speed SHP,horsepower 
Length between perpendiculars,ft.(LBP) 
Beam,ft. (B) 

Draft,ft. (T) 


VCG Full Load, ft. 

GM/B 

Average Depth, ft. 

Accomodations 
KW Installed 

Full Load Displacement,tons( a) 

Light Ship Displacement,tons 

Variable Loads Weight,tons 

WTGP1, tons 

WTGP2, tons 

WTGP3, tons 

WTGP4, tons 

WTGP5, tons 

WTGP 6 , tons 

WTGP7, tons 

Weight Margin, tons 

Total Internal Volume, cu.ft. (v^) 

Hull Volume,cu.ft. 

Superstructure Volume,cu.ft.(r gg ) 

Full Load Ship Density, lbs/cu.ft. 
Military Mission Volume,cu.ft. 
Personnel Volume,cu.ft. 

Ship Ops Volume,cu.ft. 

Payload Volume Fraction (VOL PAY/v ) 
Personnel Volume Fraction(VOL PERS/ r) 
Ships Ops Volume Fraction(VCL CPS/r ) 
Payload Weight Fraction (W PAY/a ) 
Personnel Weight Fraction (W PERS/u ) 
Ship Ops Weight Fraction (W OPS/a ) 


33.9 

80,000 

20 

10,548 


16.8 

.59 

.83 

21.96 

.10 

40.03 

298 

6000 

6906 

4936.7 

1868.8 

2465.2 

789.2 

282.7 
207.4 

569.1 

499.8 

159.2 
100 

945,470 

761,020 

184,449 

I 6.36 

110,753 

251,990 

582,728 

.12 

.27 

.62 

.05 

.04 

.47 


DD 963 

BASELINE 

32.9 

80,000 

20 

11,483 

529 

55.8 

18.8 

• 59 
.83 

22.02 

.10 

40.67 

298 

6000 

7885 

5827 

1959 

3137.1 

789.2 

296.8 

250.3 

739.8 

454.3 

159.2 

100 

1 , 013,880 

772.581 

241.298 

17.42 

159.298 
251,990 
602,592 
.16 

.25 

• 59 
.05 
.03 
.44 
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for each of these two ships. 

In Table 5.1, Weight Groups 2 and 7 (WTGP2 and WTGP7) 
are the same for both ships, because the same propulsion 
plant (WTGP2) in type and horsepower and the same armament 
(WTGP7) was specified for both ships. The volume (172,736 
cu.ft.) and weight (789.2 tons) for WTGP2 will be used 
as a baseline for estimating the new volume and weight of 
WTGP2 with superconducting electric machinery. WTGP2 is 
only one of several groups that comprise the entire Machinery 
System. The remaining groups must also be examined for 
changes resululting from a conversion to an electric 
propulsion plant. See Appendix I for a complete listing 
of the contents of each weight group. 

The Machinery System is composed of the following! 
Machinery Box 
Uptakes 

Shafting, Bearings and Propellers 

Maneuvering 

Ventilation 

The Machinery Box can be further broken down into the 
following groups* 

WEIGHT GROUP 2 -PROPULSION 

Propulsion Units 
Combustion Air Supply 
Propulsion Control Equipment 


86 






WEIGHT GROUP 2-PROPULSION (cont'd) 

Fuel Oil Service Systems 
Lubricating Oil System 
Propulsion Operating Fluids 

WEIGHT GROUP 3-ELECTRIC FLANT 

Electric Power Generation 
Power Distribution Switchboards 
Electric Power Generator Fluids 

WEIGHT GROUP 5-AUXILIARY SYSTEMS 

Air-Conditioning Systems 
Refrigerating Spaces, Plant & Equipment 
Aviation Fuel & Lube Oil System, Sewage System 
Compressed Air System 

Auxiliary Steam, Exhaust Steam & Steam Drains 
Distilling Plant 

Auxiliary System Operating Fluids 
WEIGHT GRGUP 6-OUTFIT AND FURNISHINGS 
Ladders & Gratings 

Weight Groups 3•5 and 6 will not be directly affected by 
the introduction of an electric propulsion system as none 
of the machinery components for these groups will be 
physically changed or replaced. The only changes will 
come from secondary effects as a result of the physical 
dimensions of the ship being modified to accomodate a 
smaller and lighter weight propulsion system. 

The uptakes will change is weight and volume only if 
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the number or size of propulsion unit gas turbines are 
changed, or if electric propulsion allows a major rearrange¬ 
ment of the machinery spaces. The electric plant gas 
turbine's requirements axe also considered when sizing 
the uptakes. 

The propellers, shafting and bearings will be 
directly affected by the modification to the electric 
propulsion. The Controllable-Reversable Pitch (CRP) 
propeller will be replaced by a lighter fixed pitch pro¬ 
peller. Shafting and bearings will be greatly reduced, 
as the electric motors will be coupled to the propellers 
through significantly shorter shafts. The majority of 
the weight for shafting and propellers and all of the 
volume for separate shaft alleys will be eliminated. 

Maneuvering is comprised of steering systems and 
rudders which will not change for either ship when modi¬ 
fied to electric propulsion. Maneuvering is a function 
of ship size and will vary only slightly as ship volume 
and displacement are changed when the propulsion system 
is modified. 

Table 5*2 shows the volume and weight breakdown for 
the machinery system. All major changes in the volume 
and weight of the machinery system will come from changes 
in the machinery box, uptakes, shafting, bearings and 
propellers. The majority of the weight and volume changes 
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VOLUME AND WEIGHT OF MACHINERY SYSTEM 


FOR MODEL BASELINE AND DD963 BASELINE 



MODEL 

DD 963 

CHARACTERISTIC 

BASELINE 

BASELINE 

Machinery System Volume, cu.ft. 

293.597 

292,801 

Machinery Box Volume, cu.ft. 

195.955 

195.955 

Uptakes Volume, cu.ft. 

49,150 

49.150 

Shafting,Bearings & Propellers,cu.ft. 

3,848 

3.848 

Maneuvering Volume,cu.ft. 

6,996 

6.996 

Ventilation Volume,cu.ft. 

37,648 

36.852 

VOL MACH SYS/r 

• 31 

.29 

VOL MACH BOX A 

.21 

.19 

VCL UPTAKESA 

.05 

.05 

VOL Shafting,Bearings&Propellers/v 

.004 

.004 

VCL Maneuvering/v 

.007 

.007 

VOL Ventilation/v 

.036 

.036 

Machinery System Weight, tons 

1259.1 

1205.7 

Machinery Box Weight, tons 

722.2 

697.3 

Uptakes Weight, tons 

130.5 

130.5 

Shafting,Bearing&Propellers Weight,tons253.1 

253.1 

Maneuvering Weight, tons 

81.7 

66.0 

Ventilation Weight, tons 

71.6 

58.7 

Weight Mach Sys/DISPLACEKENT 

.16 

.18 

Weight Mach Box/DISPLACEMENT 

Weight Uptakes/ DISPLACEMENT 

.090 

.10 

.017 

.019 

’Weight Shafting,Bearings&Prooellers/ 

DISPLACEMENT 

.033 

• 037 

Weight Maneuvering/DISPLACEMENT 

Weight Ventilation/DISPLACEMENT 

.011 

.010 

.009 

.009 
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in the machinery box will result from WTGP2 variations. 

5.2 Conversion to an Electric Propulsion Machinery System 

The results of Chapter 4 are used to size the machinery 
system by modifying the propulsion system with superconduct¬ 
ing electric machines. The new weight and volume of the 

machinery system were used as input to the ship synthesis 
(14) 

model to determine the impact on the overall ship 

system. The preliminary output from the synthesis pro¬ 
cess indicated that a baseline ship with four gas turbines 
converted directly to electric drive would not meet the 
no-change-in-payload, sustained speed or endurance range 
requirements as set forth in Chapter 1. 

When the volume for the propulsion system went down, 
the volume for the payload went up because the size of 
the ship remained constant. Extra volume for the payload 
is unuseable when a ship is weight limited. More payload 
in the form of extra weight cannot really be added to take 
advantage of this extra volume. If this volume were to 
remain in the ship, it would only serve to make the pre¬ 
sent configuration of the ship space inefficient and waste¬ 
ful. 

The sustained speed could be met within the tolerances 
of the ship synthesis model itself. The top speed of the 
modified ships varied by less than 2 %. A 2# change can 
be considered to essentially meet the no-increase in top 
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speed criteria. 

By far, the largest deviation from the baseline 
characteristics was in the endurance range, which increased 
up to 25%. (Section 4.3 contains the calculations for the 
endurance range.) A range increase of this amount was 
unsatisfactory when compared to the inital criteria of 
no-range change allowed in the modified ship. To keep 
the range the same, over 200 tons of fuel can be removed. 

To meet tne no-change in mission performance restrictions 
on the modified ship, a smaller three-engined ship with 
less horsepower was then investigated to determine if it 
could take advantage of this fuel weight savings. 

The results from Chapter 4 are summed up in Table 5.3 
for the four-gas turbine, four-generator, two-motor 
propulsion system and the three-gas turbine, three-generator, 
two-motor propulsion system. The four-engined propulsion 
system at 504.1 tons is 36 % lighter than the baseline 
propulsion system of 789.2 tons. A 49% weight savings 
is realized by the 401.2 ton three-engined propulsion 
system. The volume occupied by Group 2 propulsion 
machinery is not given in any references. Reference 10 
does contain machinery room arrangement plans without 
specific dimensions being listed. The specific dimensions 
of the gas turbines are listed and could be used as a 
reference for measuring the dimensions of the machinery 
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gabled 

WTGP2 WEIGHTS FCR BASELINE SHIP. 
FOUR-ENGINED AND THREE-ENGINED ELECTRIC 


PROPULSION 

SYSTEMS 



CHARACTERISTIC 

4-ENG. 
BASELINE SHIP 

3-ENG. 

SHIP 

Gas Turbines 


81.25 

60.9 

Generators 


16.0 

12.0 

Motors 


30.2 

23 

Cryogenic System 


5.36 

4.5 

Foundations 


12.3 

9-3 

PROPULSION UNITS, TONS 

244.14 

145.11 

109.7 

Shafting & Bearings 


13.6 

13.6 

Propellers 


36 

36 

Cabling (400 ft.) 


1.33 

1.0 

SHAFTING.BEARINGS&PROPELLERS.TONS 253.1 

50.-92 

50.6 

Combustion Air System, tons 

ILJ 

58.3 

43.8 

Uptakes, tons 


130.5 

98.1 

Switch Gear 


10.7 

8.5 

PROPULSION CONTROL, TONS 

10.97 

12a 2 

OrlS 

Fuel Oil Service System,tons 

10.1 

10.1 

20 

Lube Oil System, tons 

31.2 

20.0 

16.1 

Repair Farts, tons 

LO 

80 

80 

Operating Fluids, tons 

42.2 

42.2 

37.1 

Equipment miscellaneous) 


19.2 

14.4 

TOTAL WTGP2 

789.2 

504.1 

401.2 

WTGP2 VOLUME CU. FT. 

172,736 

143,946 

115.157 

WTGP2 VOLUME REDUCTION % 


16 

33 
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spaces and the equipments contained within them. 

By this method of measure, Group 2 volume was 
determined to be 172,736 cu.ft. The volume of the mechani¬ 
cal drive machinery removed, such as reduction gears, was 
subtracted from this value. The volume required for the 
superconducting electrical drive machinery was added to 
obtain the values of 143,946 cu.ft. and 115,157 cu.ft. 
for the four-engined and three-engined ships respectively, 
resulting in a propulsion plant space reduction of 16£ 
for the four-engined ship and 33# for the three-engined 
ship. More space could be saved by a complete rearrange¬ 
ment of the machinery in each engine room, as the location 
of the propulsion gas turbines is no longer limited to 
one specific location by the restrictions of the reduction 
gear and propeller shaft. The result of a simple substi¬ 
tution of the superconducting electric generators for the 
reduction gears and shafting is shown in Pigs. 5*1 and 
5.2. The shortening of each engineroom by 8 feet, as 
shown in the machinery arrangement drawings, plus the 
addition of the two electric motor rooms(12x8xl0 ft.) 
produces the 16# space reduction given in Table 5*3* 

The value of 115,157 cu.ft. for the three-engined ship 
was obtained in the same manner. A sample machinery 
3pace arrangement for the DD963 baseline and the DD963 
electric drive ships is shown in Fig. 5*3* 


93 














AD-A072 712 


UNCLASSIFIED 


NAVAL POSTGRADUATE SCHOOL MONTEREY CA F/G 13/10 

ANALYSIS OF SUPERCONDUCTING ELECTRIC MACHINES FOR NAVAL SHIP PR—ETC<U> 
MAY 78 L 6 ST. JOHN 










































ENGINE ROOM NO.2 SIZE AND MACHINERY ARRANGEMENT FOR 
BASELINE SHIP AND MODIFIED WITH SUPERCONDUCTING ELECTRIC MACHINERY 


















Machinery Space Volume occupies 30 % of total 
enclosed volume. 



- Machinery and Uptakes 

- Fuel Storage 



Machinery Space Volume occupies 2 % of total 
enclosed volume. 


MACHINERY SPACE ARRANGEMENTS FOR BASELINE SHIP 
AND ONE OF THE POSSIBLE ARRANGEMENTS FOR A SHIP 
MODIFIED TO ELECTRIC PROPULSION 

Figure 5 ,3 
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5.3 Comparison of Baseline and Modified Ships 

Machinery System weights and volumes derived in 
Section 5*2 for the electric propulsion system were used 
as input into the ship synthesis model. The calculated 
modified ship characteristics were compared to the base¬ 
line characteristics. The characteristics of the Model 
Baseline, Model Electric propulsion with four-engines 
and the Model Electric propulsion with three-engines are 
given in Table 5*^# with the same characteristics for 
the DD 963 in Table 5*6. Tables 5«5 and 5*7 contain the 
weight and volume breakdown for the Model and DD 963 ships 
based on a functional grouping of ship functions. 

5.3.1 Analysis of Model Ships 

When the baseline and the four-engine electric 
drive are compared, there are three major points of 
variances the range, WTGP2, and the weight of WTGP2 in 
pounds divided by the shaft horsepower. The large differ¬ 
ence in range can be attributed to the manner in which the 
two different plants are operated. For cruising at the 
endurance speed of 20 knots, the mechanical drive ship 
is required to operate two gas turbines, one for each 
shaft. The endurance shaft horsepower is 10,548 HP which 
works out to approximately 5300 HP per gas turbine. Fig.2 .3 
in Chapter 2 indicates that the specific fuel consumption 
(SFC) of two engines, each-operating at 5300 HP, is 
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Table 5.4 


CHARACTERISTICS OF MODEL BASELINE AND MODEL ELECTRIC 
PROPULSION SYSTEM SHIPS 



MODEL 

BASELINE 

LBF 

529 

B 

54.6 

T 

16.8 

SHF INSTALLED 

80000 

SHF END 

10548 

V fp 

33.9 

V end 

20.0 

Range 

6000 

Displacement 

6906 

WTGP1 

2465.2 

WTGP2 

789.2 

WTGP3 

282.7 

WTC-P4 

207.4 

WTGP5 

569.1 

WTGF6 

499.8 

WTGF7 

159.2 

Loads 

1869.8 

VJT Margin 

100.0 

v Total 

945470 

WT PAY /s 

.05 

WT PERSA 

.04 

WT OPS/a 

.47 

VOL PAY/v 

.12 

VOL PERS/v 

.27 

VOL OPS/r 

.62 

WTGP2/SH? 

22.1 

VOL MACH BOX/SHF 

2.45 

VOL HA3/MAN 

724 

shpA 

11.58 

VOL MACH SYS/v 

• 31 

WTGF2A 

.11 

VOL MACH BOX 

195955 

VCL UPTAKES 

49150 

VCL SHAFT.BEAR. 

3848 


MODEL ELECTRIC 

4 ENGINES 

MODEL ELECTRIC 
3 ENGINES 

529 

501.3 

54.6 

53-7 

16.8 

16.1 

80000 

60000 

10332 

9491 

34.3 

33-4 

20.0 

20.0 

7874.3 

6000 

6657.4 

5938.3 

2465.2 

2181.8 

504.1 

401.2 

282.7 

265.2 

207.4 

207.4 

569.1 

561.3 

499.8 

480.8 

159.2 

159.2 

1869.8 

1771.2 

100.0 

100.0 

945470 

869832 

.05 

.064 

.04 

.04 

.44 

.45 

.15 

.13 

• 27 

• 30 

• 59 

.58 

14.1 

15.0 

2.16 

2.49 

724 

724 

12.0 

10.1 

.28 

.26 

.076 

.068 

172675 

149253 

48789 

34973 

0 

0 
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Table 5.5 

FUNCTIONAL GROUP WEIGHTS AND VOLUMES OF MODEL 


BASELINE AND ELECTRIC PROPULSION SYSTEM 



MODEL 

BASELINE 

MODEL ELECTRIC 

4 ENGINES 

MODEL ELETRIC 
3 ENGINES 

Vol. Hull 

761020 

761020 

683734 

Vol. Superstructure 

184449 

184449 

1688 02 

Vol. Total 

945470 

945470 

852536 

VOLUME 

Military Mission 

110753 

139038 

110753 

Personnel 

251990 

251990 

251990 

Control 

56758 

56758 

52975 

Mach. Sys. 

293597 

265312 

5194 

221313 

Deck Aux. 

5194 

4662 

Maintenance 

18614 

18614 

17727 

Stowage 

69736 

69736 

58918 

Tankage 

21225 

21225 

19466 

Pass & Access 

117605 

117605 

114732 

WEIGHT 

Military Mission 

379.8 

379.8 

379.8 

Personnel 

247.8 

247.8 

247.8 

Control 

81.3 

81.3 

78.1 

Mach. Sys. 

1205.7 

930.6 

818.5 

Deck Aux. 

97.9 

97.9 

97.9 

Maintenance 

101.9 

101.9 

100.1 

Stowage 

1732.4 

1732.4 

1277.4 

Pass & Access 

14.9 

14.9 

14.2 

Hull Group 

2502.3 

2502.3 

2181.8 

Ship Sys. 

551. & 

551.4 

529.3 






Table S.6 

CHARACTERISTICS OF DD963 BASELINE AND DDQ6? ELECTRIC 
FROPULSION SYSTEM SHIPS 


DD963 

BASELINE 


LBP 

529 

B 

55-8 

T 

18.8 

SHP INSTALLED 

80000 

SHP ENDURANCE 

11483 

V sus 

32.9 

V end 

20 

Range 

6000 

Displaement 

7885.0 

WTGP1 

3137.1 

WTGP2 

789.2 

WTGP3 

296.8 

WTGP4 

250.3 

WTGP5 

739.8 

WTGP6 

454.3 

WTGP7 

159.2 

Loads 

1958.6 

Wt. Margin 

100 

v Total 

1013880 

WT PAY /a 

.05 

WT FERS/a 

.03 

WT OPS/a 

.44 

VOL payA 

.16 

VOL PERS/v 

.25 

VOL OPS/v 

• 59 

WTGP2/SHP 

22.1 

VOL MACH BCX/SHP 

2.45 

VOL habAan 

724 

SHP/a 

10.14 

VOL MACH SYS/v 

.29 

WTGP2A 

.10 

VOL MACH BOX 

195955 

VOL UPTAKES 

49150 

VOL SHAFT it BEARINGS 

3848 


DD963 ELECTRIC 

DD963 ELECTRIC 

4 ENGINES 

3 ENGINES 

529 

509.8 

55-8 

54.7 

18.8 

17.18 

80000 

60000 

11237 

10418 

33-2 

32.26 

20 

20 

7848.1 

6000 

7568.4 

68 00.7 

3105.6 

2757.7 

504.1 

401.2 

296.8 

275.9 

250.3 

250.3 

739.8 

454.3 

till 

159.2 

159.2 

1958.6 

1864.6 

100 

100 

IOI388O 

912864.9 

.05 

.06 

.03 

.035 

.41 

.43 

.18 

.17 

.25 

.28 

.57 

• 55 

14.1 

15.0 

2.16 

2.49 

724 

724 

10.52 

8.82 

.26 

.24 

.07 

.060 

172675 

149253 

48789 

34973 

0 

0 





DD963 

BASELINE 


Vol. Hull 

772581 

Vol. Superstructure 

241298 

Vol* Total 

1013880 

VOLUME 


Military Mission 

159298 

Personnel 

251990 

Control 

60633 

Mach. Sys. 

292801 

Deck Aux. 

5194 

Maintenance 

21330 

Stowage 

72459 

Tankage 

28171 

Pass. A Access 

122005 

WEIGHT 


Military Mission 

392.8 

Personnel 

238.8 

Control 

120.0 

Mach. Sys. 

1259.1 

Deck Aux. 

115.1 

Maintenance 

92.2 

Stowage 

1806.1 

Tankage 

0 

Pass. & Access 

13.5 

Hull Group 

3126.1 

Ship Sys. 

602.3 


DD 963 ELS0TSIQ 

DD963 ELECTRIC 

4 ENGINES 

ENGINES 

772581 

707468 

241298 

205396 

1013880 

912865 

186787 

159298 

251990 

251990 

60633 

56912 

265312 

5194 

221013 

4817 

21330 

72459 

18003 

64573 

28171 

20808 

122005 

115451 

392.8 

392.8 

238.8 

238.8 

120.0 

119.4 

974.0 

856.3 

115.1 

115.1 

92.2 

90.7 

1806.1 

1427.4 

0 

0 

13.5 

12.8 

3126.1 

2790.4 

602.3 

578.2 










.64 lbs/hp-hr. The synthesis model calculated that for 
a mechanical drive ship with an SFC of .64 requires 1606 
tons of fuel for an endurance range of 6000 nautical miles. 
At 6?84 lbs/hr fuel consumed for 300 hours (time required 
to cover 6000 mi. at 20 knots) the ship would consume 
908 tons of fuel with the remaining 698 tons of fuel 
being consumed to provide heat and electricity. Cruising 
at endurance speed requires only one gas turbine operating 
in an electric drive ship. Fig. 2.5 in Chapter 2 shows 
the SFC of one engine operating at 10,548 hp to be 
.5 lbs/hp-hr. When the specific fuel consumption drops 
to .5 lbs/hp-hr with an endurance SHP of 10,548 hp, it 
requires 393 hours to consume 908 tons of fuel. 

Cruising for 393 hours at 20 knots produces an 
endurance range of 7874 nautical miles, which is consider¬ 
ably greater than the maximum required range of 6000 miles. 
The endurance range can be reduced to the desired 6000 miles 
by removing 202 tons of fuel for a 13Jt fuel reduction. 

This reduces the full load displacement to 6453 tons. 

For this displacement the ship is unstable due to the 
decreased draft. More weight would have to be added to 
make the ship stable again eliminating any advantages 
received from reducing the fuel weight. To produce a 
stable ship requires a reduction in the size of the hull, 
reducing the buoyancy and increasing the draft. A lighter 




and smaller ship needs less power to provide the required 
full speed of 30+ Knotsi therefore, the primary reason 
for the three-engined propulsion plant ship. A smaller 
ship automatically implies less fuel (greatly reducing 
fuel weight) for the same endurance range. The smaller 
ship with an endurance horsepower of 9,491 and an SFC of 
.5 requires only 636 tons of propulsion fuel to cover 
6000 nautical miles. This is approximately a 30# savings 
in propulsion fuel(a 17# fuel saving overall) for a ship 
that can perform identical functions at the same efficiency 
as the larger ship. The percent change from the baseline 
ship to the electric drive ships are shown in Table 5.8. 
Only those items which vary from the baseline values are 
listed. For example, the weight of armament does not 
change nor does the weight for Military Mission; therefore, 
they need not be listed in Table 5.8. 

An examination of Table 5*8 indicates why the three- 
engined ship is preferred over the four-engined ship. 

The four-engined ship has large increases (20# or more) 
in range, volume, military mission and the payload volume 
fraction resulting in wasted space. The three-engined 
ship had a 20# increase only in the payload weight fraction 
indicating a more efficient ship design. The primary 
function of a Navy ship is to deliver as much military 
payload as possible where it is needed. Provided the 
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Table 5.8 


CHANGE FROM MODEL BASELINE 
PERCENT CHANGE FROM THE BASELINE TO ELECTRIC DRIVE, 
LISTING ONLY THOSE ITEMS WHICH CHANGE SIGNIGICANILY 
_FROM THE MODEL BASELINE SHIP_ 


4-ENGINE ELECTRIC 
1* CHANGE*FROM 
BASgLTNR 


3-ENGINE ELECTRIC 
% CHANGE*FROM 
_BASELINE 


LBP 

SHP INSTALLED 

V fp 

Range 

Displacement 

WTGP1 

WTGP2 

Volume Total 

Volume Military Mission 

Volume Control 

Volume Machinery System 

Volume Stowage (Includes Fuel) 

Volume Tankage 

Weight Machinery System 

Weight Stowage(Includes Fuel) 

Weight Hull Group 

Weight PayloadAisplacement 
Weight Personnel/Displacement 
Weight Operations/bisplacement 
Volume PayloadAolume Total 
Volume Personnel/Volume Total 
Volume Operations/Volume Total 
WTGP2/Shaft Horsepower 
Volume Mach. Box/Shaft Horsepower 
Shaft Horsepower/bisplacement 
Volume Mach. System/*olume Total 
WTG P2/t) i splac eme nt 

Volume Machinery Box 

Volume Uptakes 

Volume Shafting & Bearings 

Full Load Ship Density lbs/cu.ft. 


0 

5.2 

0 

25 

-1.2 

1.5 

-31.2 

0 

3.6 

14.0 

0 

11.5 

36.1 

49.1 

0 

8 

-25.5 

0 

0 

6.7 

9.63 

24.6 

0 

15-5 

0 

8.3 

22.8 

32.1 

0 

26.3 

0 

12.8 

0 

-20.0 

0 

0 

6.4 

4.2 

-25.0 

-8.3 

0 

-11.1 

4.8 

6.5 

36.2 

32.1 

11.8 

-1.6 

-3.6 

12.8 

9.7 

16.1 

30.9 

38.2 

11.9 

23-9 

.7 

28.8 

100 

100 

3.6 

3.5 


* (-) indicates an increase from the baseline 
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payload is the sate and the ships have the same speed 
and endurance characteristics, a ship that has a payload 
which is 6# of its total weight is more efficient than 
one which has a payload of 5# of its total weight. 

The overall summation of Table 5*8 is that a three- 
engined electric drive ship which is I4j5 lighter, 8# 
smaller,has a 2^ smaller and 50 # lighter propulsion 
system and carries 17 # less fuel, can deliver an identical 
payload at the same speed and range as the larger and 
more expensive mechanical drive baseline ship. 

5.3.2 Analysis of DD963 Ships 

As for the four-engined model electric drive, the 
DD 963 electric drive four-engined ship has a much greater 
range than the baseline ship. For this reason, the three- 
engined ship was synthesized to eliminate the excesses 
found in the four-engined ship. The DD 963 three-engined 
electric drive ship also has a 20# increase in the payload 
weight fraction indicating a more efficient ship design. 

The overall summary of Table 5*9 for the DD 963 is a 
three-engined electric drive ship which is Hi# lighter, 

10# smaller, has a 25 # smaller and 50 # lighter propulsion 
system and carries 1?# less fuel, can carry an identical 
payload at the same speed and range as the larger baseline 
ship. 

5.4 Final Comparison of Model and DD963 
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Table 6.9 


CHANGE FROM DD963 BASELINE 
PERCENT CHANGE FROM THE BASELINE TO ELECTRIC DRIVE, 
LISTING ONLY THOSE ITEMS WHICH CHANGE SIGNIFICANTLY 
_ FROM THE DD96T ^ASELINE SHIP _ 


4-ENGINE ELECTRIC 

3-ENGINE ELECTRIC 

J6 CHANGE* FROM 

CHANGE* FROM 

BASELINE 

BASELINE 

LBP 

0 

3.6 

SHP INSTALLED 

0 

25 

V fp 

-.9 

1.9 

Range 

30.8 

0 

Displacement 

4.0 

13.8 

WTGP1 

1 

11.2 

WTGP2 

36.1 

49.1 

Volume Total 

0 

9.9 

Volume Military Mission 

-170 

0 

Volume Control 

0 

6.1 

Volume Machinery System 

9.63 

24.6 

Volume Stowage(Includes Fuel) 

0 

10.8 

Volume Tankage 

0 

5-4 

Weight Machinery System 

22.6 

32.0 

Weight Stowage(Includes Fuel) 

0 

21 

Weight Hull Group 

0 

10.74 

Weight Payload/t)isplacement 

0 

-20.0 

Weight Personnel/Displacement 

0 

0 

Weight Operations/lJisplacement 

6.8 

2.3 

Volume Payload/Volume Total 

-12.5 

-6.3 

Volume Personnel/Volume Total 

0 

-12.0 

Volume Operations/Volume Total 

3.4 

6.8 

WTGP2/Shaft Horsepower 

36.2 

32.1 

Volume Mach. Box/Shaft Horsepower 

11.8 

-1.6 

Shaft Horsepower/t)isplacement 

-3.8 

13.0 

Volume Mach. System/Tolume Total 

10.3 

17.2 

WTGP2/^)isplacement 

30.0 

40.0 

Volume Machinery Box 

11.9 

23 8 

Volume Uptakes 

.7 

28.3 

Volume Shafting & Bearings 

100 

100 

Full Load Ship Density 

4.0 

1.5 


*( Vindicates an increase from the baseline 





The primary purpose of synthesizing both the super¬ 
conducting powered Model and DD 963 was to use the Model 
as a control case to check on the accuracy of the DD 963 
conclusions. The values associated with the model 
synthesis output can reasonably be assumed to be unbiased 
representations of actual changes brought about by the 
conversion to superconducting electric propulsion machinery. 
With the exception of the machinery box weight and volume, 
the Model weights and volumes for all ship functions are 
generated within accepted design lanes based on past design 
practices and philosophies. In the Model, there is no 
wasted or excess weight and volume which can be removed 
to provide a false indication of realized space and weight 
savings when conversion to electric propulsion is made. 

The DD 963 is designed outside some of the accepted design 
lanes and consequently has excess volume which must be 
accounted for when analyzing the savings brought about 
by the conversion to superconducting electric machinery. 

The variation of each of these ships from their respective 
baseline ships is shown in Table 5»10. Those characteris¬ 
tics which are in disagreement are listed in the upper 
half of the table while the characteristics which agree 
are listed in the lower half. 

The small percentage change in the full load ship 
density for the DD 963 indicates that much of the excess 
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Table S.10 


CORRELATION OP MODEL AND DD963 

PERCENT CHANGE OP 3 -ENGINED MODEL AND 3 -ENGINED DD 963 

PROM THEIR RESPECTIVE BASELINE SHIPS, SIGNIFICANT 

DIFFERENCES ONLY ARE LISTED 


MODEL 

DD 963 

5 CHANGE*FROM 

% CHANGE*FROM 


BASELINE 

BASELINE 

CHARACTERISTICS WITH 

l VARIANCE 


LBP 

5.2 

3.6 

V fp 

1.5 

1.9 

Volume Total 

8 

9.9 

Volume Stowage 

15.5 

10.8 

Volume Tankage 

8.3 

5.4 

Weight Stowage 

26.3 

21 

Weight Hull Group 

12.8 

10.74 

Weight Operations/Displacement 

4.2 

2.3 

Volume Payload/Volume Total 

-8.3 

-6.3 

Volume Mach. System/Volume Total 

16.1 

17.2 

WTGP2/t)i8placement 

38.2 

40.0 

Full Load Ship Density 

3.5 

1.5 


CHARACTERISTICS WITHOUT VARIANCE 


Displacement 

Volume Machinery System 

Weight Mach. System/bisplacement 

Weight Payload/ftisplacement 

Weight Personnel/msplacement 

Volume PersonnelAotal Volume 

WTGP2/Shaft Horsepower 

Volume Mach. Box/Shaft Horsepower 

Shaft Horsepower/Displacement 


14.0 

I 3.8 

24.6 

24.6 

32.1 

31.9 

- 20.0 

- 20.0 

0 

0 

- 11.1 

- 12.0 

32.1 

32.1 

- 1.6 

- 1.6 

12.8 

13,0 


* (-) indicates an increase from the baseline 






volume had been removed during the synthesis process, the 
ship would have been much more dense. As it is, the density 
of the Model increased more than the density of the DD 963 . 

By comparing the changes in total volume, the D.D 963 only 
lost 2jC more of its original baseline volume than did 
the Model. These two items considered together, would 
indicate that very little of the excess volume in the 
DD 963 design was lost when the ship was converted to an 
electric propulsion system. 

The smaller decrease in the volumes of stowage and 
tankage for the DD 963 follows the conclusion that the 
DD 963 is a less dense ship. These two volumes were 
greater to begin with, and when the volume for the fuel 
savings was removed it created a smaller percentage 
change than in the Model ship. Volume is also the cause 
for the full load displacement of the DD 963 decreasing 
less than it did for the Model. The displacement of the 
DD 963 is forced higher than it need be in order to have 
a hull large enough to enclose the required volume. If 
the volume were allowed to decrease more, the changes in 
full load displacement would be much closer. 

Taking all of the above into consideration, the 
following conclusions can be drawn for powering a ship 
with superconducting electric machinery: When compared 
to a four-engined mechanical driven ship the three-engined 










electrical drive ship willi 

be 9JS smaller in volume 

be Ity lighter 

carry an identical payload 

have the same endurance and top speed 

have identical habitability standards 

have a 3# lighter machinery system 

have a 2# smaller machinery system 

use and carry approximately 17 J» less fuel 

have a 50}L lighter propulsion system (WTGP2) 

have a 33J& smaller propulsion system (WTGP2) 







CHAPTER 6 
Cost Analysis 


6.1 Introduction 

At this time, it would be very difficult to put a 
price on the acquisition and installation of a superconduct¬ 
ing electric propulsion system. This thesis covers a n 
economic comparison of how much such a propulsion system 
could cost and still be economically feasible. The cost 
of the mechanical drive machinery removed will be figured 
plus the difference in operating cost over the life of the 
ship. The operating costs of an electric drive ship are 
based on a 20 year life cycle, due to the fact the DD963 
is designed on a life cycle of 20 years. 

6.2 Cost of Removed Machinery 

The single largest weight removed from the propulsion 
system is the shafting, bearings and propellers. 191.3 tons 
of shafting and bearings and 10.88 tons of propeller were 
removed. The cost of this removed weight can be assumed 
to be $2000/ton,which results in a $404,360 cost 
savings. 32.4 tons of uptakes at $1000/ton^^ were 
also removed for a cost reduction of $32,400. 

The reduction gears were the last large weight and 
volume pieces of machinery removed. The cost of the reduce 
tion gears is based on the total horsepower rating of the 
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gear and not on the weight of the machinery, as were the 
previous items. A representative cost of the reduction 
gears as installed in the DD963 can be based on a $20 Ap ( 18) 
figure. At $20/hp, the cost of removing 80,000 shaft 
horsepower of reduction gears is $1.6 million. The removal 
of the above mentioned equipments results in $2 million 
savings. 

6.3 Propulsion Plant Operating Costs 

An operating profile of 303* underway time per year 
will be chosen as representative of this class of ship. 

While underway, 94^ of the time will be at endurance speed 
and 6jC of the time will be at full power. Underway fuel 
consumption will be calculated on a specific fuel consump¬ 
tion (SPC) of .42 lb/hp-hr while at full power. For the 
electric drive ship SFC at endurance speed is .5 lb/hp-hr, 
while for the mechanical drive endurance SFC is .64 lb/hp-hr. 
The SFC for the ships electrical power generation will be 
.96 lb/kw-hr^^for an average 24 hour electric load of 

1600 kw/hr^ 1 -^. The price charged for fuel will be $16.8/ 
(171 

barrel (l based on 1977 dollars and fuel prices. Total 

(191 

fuel costs per year are' 

Fuel CostAear -^(SF^ x SHP i x HOURS i AEAR x FUEL COST/lb) 

( 6 . 1 ) 

Manning costs will be considered to be approximately 






the same for both the electric drive and the mechanical 
drive ships. For a Navy ship, there should be the same 
number of men of equal pay grades and skills required 
for plant operation and maintenance. The difference in 
life cycle costs for the propulsion plants is calculated 
on acquisition costs and fuel costs. 


1 Fuel Costi 


Fuel consumed per year is calculated byt 


unde: 


(CONS) 


(SHP) (7.23 BBLS/TON) 


The fuel consumed by the baseline ship is calculated first 


Fuel (FULL POWER) = x 

* 28,371 BBLS 
Fuel(ENDURANCE) = 52,920 BBLS 
Fuel(ELECTRICAL)* 12,969 BBLS 
Fuel Consumed/year * 99,670 BBLS 


At $16.8/BHL, fuel cost for the baseline ship, is 


The fuel consumed by the electric drive ship isi 


Fuel(FULL POWER) 






Puel (Full power)* 12,767 BHLS 
Fuel (Endurance)* 41,344 BHLS 
Fuel (Electrical) * 12,969 BBLS 
Fuel Consumed/year = 67,080 BBLS 


The total annual fuel coat for operating the elctric drive 
ship is $1,126,944. The cost savings in fuel alone is 
$547,510 per year. 

6.3.2 P.V. of Life Cycle Plant Coats 

To compute the present value (PV) of plant operating 
costs the discount rate (DR) is assumed to be 6j6 (based 
on real value 1977 dollars). The discount rate factor 


C -I d + dr) l - l j 

M ! DR( 1 + DR) L ! 

w J 


(6.3) 


where L is the life of the ship. Present Value (FY) is 


PV » Cost/year (C^) 


(6.4) 


The present value of the fuel saved over the 20 years life 
of the ship is1 

C DR * 12.5 

PV - $547,510 (12.5) 

-- $6,843,875 


The Present Value of $6,8 million fuel cost savings 










is valid only if the cost of fuel does not change over 
the next 20 years. One would have to be very naive to 
even assume that the cost of fuel will not continue to 
change. The $6.8 million fuel cost savings is a bottom- 
line figure based on the assumption that fuel costs will 
not rise any faster than will inflation. As the cost of 
fuel continues to rise, the fuel economical ship is even 
more desirable and the fuel savings for the electric 
drive ship continues going up. 

6.4 Limit Coat of Electric Drive 

The total cost of equipment removed plus the present 
value of 20 years fuel savings is 8.48 million. Using this 
value as a guideline, the superconducting electric propulsion 
machinery is economically feasible if the acquisition cost 
of threee generators, two motors, six cryogenic refrigera¬ 
tors, switch gear and cabling is $8.48 million or less. 

For a 60,000 hp ship, this value breaks down to a cost 
of $141 per horsepower, or $188 per KW. $188 per KW for 
an upper limit cost of a complete superconducting electric 
propulsion system appears to be obtainable utilising current 
superconducting technology. 

The$8.48 million savings figure does not take into 
account the decreased acquisition cost or the yearly de¬ 
crease in maintenance costs of a 10£ smaller ship. The 
20 year cost of paint alone will be a substantial savings. 






Inclusion of these additional savings would only increase 
the upper limit acquisition cost of an electric transmission 
system. 





CHAPTER 7 


Conclusions and Recommendations 

The results of the design criteria which were applied 
to a propulsion system incorporating superconducting 
electrical machines indicates that development of this 
technology will provide a significant reduction in machinery 
weight and volume. In any comprehensive study of competi¬ 
tive propulsion systems for a particular ship design, the 
superconducting electric system must be considered a viable 
candidate for increasing the overall ship performance. 

The work associated with this thesis leads to some 
specific conclusions, resulting from the substitution of 
superconducting electric machines for the transmission 
system presently installed in the DD963 and the subsequent 
reduction in ship size and propulsion system size and power. 
Additionally some general conclusions can be drawn for the 
application of these machines in other propulsion systems. 
The specific conclusions can be enumaratedi 

1. A 388 LT reduction in machinery plant weight (50 %), 
exclusive of fuel, can be realized by the substitution of 
the proposed system for the presently installed. A projec¬ 
tion of gas turbine fuel consumption improvement allows 
fuel weight to be reduced by 272 LT for a 17% reduction. 









When machinery and fuel weight savings are considered 
together, there is an absolute weight savings of 660 LT. 

2. Substitution of the proposed system in the DD963 
produced a marked improvement in the volume required for 
the machinery plant, for a volume reduction of 29,000 ft^ 
(16^). This reduced volume would still allow sufficient 
space for the performance of machinery maintenance. 

3. A smaller ship carrying an identical payload and 
having identical performance characteristics can be 
constructed to take full advantage of the weight and volume 
savings provided by the proposed propulsion system. The 
construction of the smaller three-engined ship versus the 
original four-engined ship, produced an overall weight 
reduction of 1085 LT for a 14£ weight reduction and a 9JC 
savings in volume. 

4. A superconducting electric transmission system 
is economically feasible if its acquisition cost is $8.48 
million or less ($141 per horsepower). 

In addition to the above conclusions, some general 
observations about the proposed superconducting system 
are: 

1. The use of an electric transudes.**., system allows 
the efficient operation of gas turbines without the problem 
of excessive fuel consumption at off-design conditions. 

The power plant can be divided easily into several 
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generating units, each with a gas turbine and superconduct¬ 
ing generator, without requiring the individual units 
being clustered around the reduction gears. Increased 
prime mover dispersion will decrease the vulnerablility 
of the propulsion plant. The number of economical operating 
speeds would correspond to the number of generating units. 

2. Application of the proposed system in any particu¬ 
lar ship design would not preclude any future changes in 
components that take advantage of technological improve¬ 
ments. All components of the proposed propulsion system 
are small enough that they could be replaced by an improved 
machine with relative ease. Substitution of original 
equipment with new and improved designs may be very 
desirable over the life of the £ lip. 

3. The proposed electric drive system has a high 
degree of controllability, primarily due to the ability 
to use all electric controls for power control. 

These conclusions demonstrate the desirability and 
the feasibility of incorporating superconducting electric 
machines in Naval ship propulsion systems. 

This thesis has touched on several areas which require 
further investigation before superconducting electric 
machines can be used in marine applications. The most 
important of these is the actual details of machine construc¬ 
tion. In addition to the specific machine design problems, 


119 








the use of solid state converters for the control of 
synchronous motors and the liquefier/refrigere" *r cryogenic 
system, as proposed here, will require further exploration 
and development. The poor controllability and torque 
characteristics of synchronous motors at low power levels 
and RPMs would probably necessitate the use of a conventional 
electric motor to start and power the propellers at low 
RPMs. This motor could be in the configuration of a motor 
around the propeller shaft driven by the ships service 
electrical power. Low speed maneuvering in restricted 
waters and emergency propulsion in the event of total 
failure of the superconducting machinery could be provided 
by these conventional motors. 

A detailed engineering design study would have to be 
performed before the proposed propulsion system could be 
substituted for the original in the DD963. Propulsion 
plant machinery rearrangements should be made to prove 
the validity of the conclusions drawn in this thesis. 

Weight and moment calculations would be required to check 
the stability and trim of the modified vessel. 

The preceding suggested areas of development and study 
are only those which are the most obvious at the conclusion 
of this thesis, and certainly many additional problem areas 
will have to be addressed for theory to be translated into 
reality. 
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APPENDIX A 


Superconducting Machine Design Program 











CSJOI 

C«*« SUPERCCRDUCTIHG IUCHIRE DESIGN •••• 

1 OINERSIOR 7 (8) ,UC (5) ,JC (5) 

2 DIN8I3ICR 77 (1),07(8),771 (8) 

1 OINERSIOR C7l(t) 

C IPX, TOP, 611, TOR. GU, TO*. G1S, »J P 

• 0*T4 7(1). 7 (2) , »{1). 7(11), 7(5), 7(4), »(7). T (8) 

1/ .#0, •C24, .32%. .05, .02, .1 , .02, 1.2I*E / 

5 DATA 07(1), OT(2), DT (3), 07{»), 07 (5), 07(4), Of (7) , 07(0) 

1/ .o* . .0026, .0025, .005, .002, .01, .002, 1.21*7 / 

4 D4T4 071(1), DVL (2), 071(1), DTI (4) 

1 / . 1 , . 1 . . 1 , .1 / 

7 DATA 07L (5), D7L (4) , D7L (7) , 071(8), Tl 

1 / . 1 , . 1 . . 1 , . 1 , .1 / 

8 OAT % 80II XT 

1 / 15 / 

7 CPP*CP (7.80I1IT) 

C***« STIPSIZZ DETER RI RITATIOR POR OPTXOIX4TIOR •••• 

10 IPSX*0.C05 

11 RT.R 

12 C?<i«c»R 

11 IP (RUJ1IT .10. C) GC TO 100 

1» 00 2 R R* 1, Minn 

15 DO 5 1*1,8 7 

14 00 1 I1»1,R7 

17 1 77(XI).7(H) 

1» T1«CP |77 .ROPIT) 

1* »«.CC1*77(X) 

2P IP(DTtl) .IT. A) 07 (X)»77 II) *.C01 

21 77 (I)-77 (I ) .07 (I) *TR 

22 T2*CP (77. ROUT) 

21 77 [I).77 fl)*07 (I).T» 

2* T1«CP (77.ROOXT) 

25 l» (T 7 * T 3-2. *12)50,50,53 

24 50 0X.-t7(I).T» 

27 IP ( (T1-T2) .IT. C.O) CX-C7 (I) *T» 

2* 52 IP( (71-72) .10.0.0) 01-0 .0 

27 GO TO *» 

30 51 0I«0T(I) • (l.*T 1-».*T2*T1) / (2.* Tl-». • 12* 2. • Tl) *T7 

11 5* 07 (I) * 7 (I) *C7l (I) 

12 17 (OX .LT. 0.0) 07(1) •7(I)*(-1.0)*DTl(I) 

11 IP(A*S(CT) .LT. (071 (I) *7 (I) ) ) D7(I)-0X 

17 5 CORTIR'IZ 

15 CO 1 HR.1,87 

34 3 77 1 (RR) .7 (RR) *17 (RR) 

17 CP1*CI (771,ROUTT) 

10 RRITT (4, 75 ) CP 1, RR 

17 IP((CP0/C»1)-(1.0*EPSt)) 54, 54, 55 

*0 55 OO • RR. 1.87 

41 » 7 (RR) .771 (RR) 

*2 CP'V C 7 1 

»J 2 COTTIROR 

• • 54 RONIIal 

*5 CPO-CP (7.R0PIT) 

• 4 75 PORH4T ( # *.51,158 COST PORCTIOR , 5X, 110. «, 10X , 1RR ITIRATI08 RO. , 
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FURCTICB CF(F,»OH) 


50 

DIHERS10R V (8) 

,8C(6) , JC (6) 



51 

DI8EKSION H (20) 



52 

REAL 

11. LCA , 

1A, IAS, LCA, ICR 

, LCF, LSI, BAA5, RFAT, LAR 

53 

REAL 

IA. X FI, 

■A, IR, 8SS, 81, 

ns # HB« KGL03 

. JSR, BA 

58 

REAL 

JC. 12, 

■ FA, RVA, (81, KIEL, LT8 


55 

REAL 

K?1P” # MPft # RO,KR 



56 

REAL 

URL 




57 

OATA 

HC(1) 

. HC (2) , BC (3) , BC(R), 

HC (5) , UC (6) 


1/ 

5.51*6, 8.381*6, 3. 

181*6, 2.01*6 

, .7861*6. 0.0 

5« 

DATA 

JC(1) 

, JC ' k 2) , JC (3) , JC (8) , 

JC(5) , JC (6 ) 


V 

0.0, 

1.01*8, 2. 

01*8, 3.0E*8 

. 8.01*8, 8.6(*l 

58 

DATA 

FA, 

FF, PCll, 

IFH, AJ A 


V 

22.51*6, 

1.0, 6.0, 

200. 0, 3 

.51*6 / 

60 

DATA 

Till A 8, 

THREE, SFA, SFF, 

8FA, R8A, RBL, 

ABEL, LTH 


1/ 

1.047, 

2.088, . 3, . 5, 

1., 1.. 1., 

.5. .25 / 

61 

OATA 

SICS A A, 

SI CHAR, RFAPU, 

FT, IT, SI, 

12, FB 


V 

6. OE *7 , 

2.0E*7, 1., 

1., .1. .1. 

.1, .3 / 

62 

DATA 

ROSS, 

E. THAI, ROB, CRI. SAI 

. 12, IF 


1/ 

8000., 2. 

OE*1 1, 8.5E* 6, 1800., .02. .02 

, .05, 1000. / 

63 

DATA 

ROAL. 

DHAX, ROF1. 

GAHHA 



1/ 5600., 2. *1*8, 7SCC. 

DATA ACCO. E AL 

1/ 8800., 6.581*10 / 

OATA BSKAX, RBRL. F 

1/ 1.78, 1.0, 2. 

rfz»»(1) 

THF*F (2) 

GFR-F (3) 

THR-F (8) 

GR»-F{5) 

THA-F (A) 

CAS-7 (7) 

AJF-F (81 
PI -3*14 157 
BU-FI-4.0E-7 
psi-APcos(Pr) 

P-FOt!/2.1 

OHEGA- APB- M2. 0- FI/60. 0 
HF-FA/786. C-FF 

C- —• CALCOIATS FACRUE DIHE1SIOBS 
C*«** RFO, F80, -AO A8POOT2F A ADI I OF 
888 RFO-R FI *711 F 
A«I ■AFO-CF* 

RRO-RRl*TRR 

1AI-M0*'3R 6 

A AO—8 A I *T HA 

FS-8AC-OAS 

I-8AI/8AO 

F-8FI/AFO 

O-RRC/RS 

1-RAC/RS 

Z-BFC/SS 

ZI-X/FRO 

IA- (IAC-8A1) /2.0 








»j ir> («ro*if d/ 2.0 

•* psh-(Bpc*»*I)/2.0 

95 cio-teiae/ 2 .o 

9* ch«tmhpe/2.o 

*7 SC’O-SII (C1C) 

98 scii«m tc nj 

99 CH1-C8 (P.I.E) 

100 CS1-CS (P,I,I) 

101 CC *2.0*P 

102 E8-2.0*P 

103 AA-2.C-P 

<:•••• CALC l PIGT 3 OP NACHI3E 

C MM HIS IPTESIAL BASED PEACTAICE •••• 

10* EI» (VP A* 50 IT (2.)/».) • (A JA/AJP) • (SCI 0/SC11) •( (RAO/RPO)**IS) 

1* (CS1/(CH1*( 1.0-T**B5) )) *I»A 
C**«* PPI IS PVA/1IIT LENGTH BASED 01 IRTERIAl VOLTAGE 
105 PPI» (8. / (SOBS (2.) *H) ) *08LGA-8 U* AJ A* AJP* 11.0-I»«BE) • (IP0»»1EI 

1*(RAO*•A A) *CH1*SC1C*SC11»P*A*IPA 
C***» II IS 0AtT LENGTH 
10* LE-VA/PPI 

C***« LDA IS EPPECTIVE LENGTH CP AIHATOPI 

107 10A«(BA0**AI-(SPQ*PPI) *PBPL) •« EL/P 

108 BET A-IC A/LZ 

109 AT'((I I **2 •BETA) *11*511 (PSI) ) / (1. 0-EI**2) 

110 ALPH»*AT*SOHT (AT**2*1 . C*2.C*II*BETA*SII(PSI) ♦ (II*»ETA) *»2) 
C**** LA II ACTIVE A FRA TU PE LERG1B 

111 IA>L7*AL?HA 

C**»* LAS IS ARSAT'IIE STRAIGHT SICTIOi LEEGTB 

112 LAS*LA- (»PO*PPI) *(PBPL) *PPL/P 

C***“ LOA IS TOTAL E EVICT IV I A P BATON I IEAGTE 

113 LOA*LA*t.DA 

C**»* VA IS TOTAL P E ACTA ICE/(I BIT BASED Cl IITEBBAL VOLTAGE 
11* IA*VL* (1CA/LA) 

115 IP(VA .LT. 1.0) GC TO SCO 

11* TIIA*THA-TSA*0. 1 

117 GO TC * S9 

118 500 VOE*SC»T(1.0- (IA*COS(PSl) ) **2)-IA*SII (PSI) 

119 EO-IA/VO* 

C«*** 10* AAC LOP API THE EPPECTIVE LEIGTE OP CAHPES Alt PIILD 

120 LOP-LA* (»PI*PPO)->IBL/P) 

121 LOH-LA* (»PI*PPC) /P 

C*»** P-JLE cr THIIPP GOES! POP LEIGTH OP EEAIII6 SPAI 

122 LBP»LCB»2. C*LTH 

C«*A PA AT IS TOTAL IUHPPI OP AAPATOEt AHPEIE-TOIIS 

123 IAAT*AJA*TBIAE*PAO**:* (1.e-f**2)/2.0 

C**«* IPAT IS T01AL IOHPEI OP Plllt AHPEIE-TOIIS 

12* ITAT-A.lP*TaiPE*RP0**2* |1.0-T*«2)/2.0 

C**«* VPT IS GEVEPATCD VCLTAGC/TOII/rBASE 

125 VPT-32.0/ (2.0*SQPT (2.3) *1*1)-OHEGA*HO*LA*AJP*SC 10*SC11 

1- (1.0-V**BP)/ ( THAI I E* ( 1.C-E — 2) -PAO** I) • IPO— 10-CB 1 •« IA* VOE 
C 

c»»*» CALC OP TP A IS I E IT ELECTBICAL MIAHETEBS 
C—•* UP IS ACTIVE A I HA Tn PE LEIGTE POE COOPLIIG TO CAM PEE 
128 LAP-l»S*(BIO*«PI) *PIA*PBKl/P 

C«*** POP AID IDPP ABE TEAISII1T AED S0BTEAISI1IT EEACTAICBS 











127 

12* 

127 

no 

m 


132 

133 
137 
135 

13ft 

137 


13* 

115 

1*0 

1*1 

1*2 

1*3 

1*« 

1*5 

1 ** 


1*7 

1*7 

147 

150 

151 

152 

153 
15* 
155 


15* 


1DP*I0* |1.e-O.0*(M**2*HA/(lCA*L0P)) • (CM(7, E,M)**2)/(C3 (P.I.M) 
i*cs(|,t.ei i• (»fo/ho) ••cc» (1 .o-t**bb>**2) 

(i. e- 2 .o»( ila** 2 )/ (Lca*ick)) • (cm* a 2 )/(cs(r,x,«) 

1*CS (P.EE.OI)•((»KO/PAO| **CC) » (1.0-Il**BB)**2) 

C***« TS HD T»l> »7I SEIELC A*C S08TBA XSI 2*1 TISE CCHSTAHTS 

ts*pi*7h**kc*(7ec-ped *sigaA 7/4.0* (i.o»tt)««cc 

C***» T« II IMtUII TUI CC 1ST* IT 

TA*2.0*H1«SC10**2«SICHAA*37A*tAO**2*CS (7.1,1)/ 

1 (PI'THMA** (1.5-I**2))«»PA*P*A**2*IDPP/ED 
TDPP»TS*(IDr-EPP7)/(XD-IDPP) 

c 

C****PIELD cn*tE»T 7 IS7 

C P1EL0 cnwm IISI DUPIMG CI1TICAL POST-PAtll? suite 
C It I! IXTftiaL * 7ACTA MCE 
c epo *«o yi*p in xmteahal aml bos yoltacis 

C IP1 I! 7ft OUT 7*1 fX ELD COtlBIT 
i»*tf»7a/»T 
IS*11*12/(11 *12) *IT 

EPO«SO»T (YT**2» (IO*IM •*2»2.C»7T*lt»I»*SI* 1751) ) 
i:*7-SCtT(»T*2*(It*I») •*2-2.0*YT*IE*IA*SII (PSD) 

OEO* »IST1 (t7»PI1*C0S (PS I) *IC/ (YIBP*7PC) ) 

I pi *2. 5* (I3-I0F) •COS(DEO)/(XCP*EE)/ (tPO) * 1. 0 
c 

C***» TOICOE TIBI tSCOIMEHEHIS 

C TOtQO* TUBE IS C7SICPZD TO CttBT BOtST C»SI TOtQIlX ItOK 
C * XI ME-LI tt TtMIMAL PAULI 

C TPP IS Pit OMIT MOIST C»SI TORQUE 

C TT IS MOBST CASE TCtOUE 

C SO IS ttoms RATIO OP TOBQOE TABS. TIIS B00TI1I ATTEMPTS TO PIIO 

C TME PPOPIt YAL01 PCP SC 
M*0 

1 A•*YMPO/YT 

EPP-3QPT ;YT**2‘(XDPP*IA) *-2»2.C*YT*XE7P*IA*SI» (PSD ) 

TPP«1.)*EP***2/IDP7 

TT»Y**TPP/CffCA 

C***« PIMOIMO CPTIMOP IMMEt 7ADI0S 

SS* ( C>.0»Pt)/1*.0) *tOSS*tPI**2*CIIICA**2 

PE»0.5 

S0*".1 

S9MEM.0.1 

C***« MILL 1 AY 250 TIMES POt A SOLDTIOt 

C IP APTE* TEAT PAMY TtIIS IT HAS MCT POOID A SOLOTIO* 

C IT PI1IPATES STtPSS POI AH ALMOST SOLID SMAPT 

1210 IP(M.LT.25C)CO TO 1220 
SI *2.0* S5 

SO*SI* (1.0-PI)/(3.0»Pt) 

TAOO*2.0*TT/(PI*PPI** )) 

TO*SCAT (TAOO**2»SO**2) 

TD«SI 

I* (TO .GT. SI) TD-TO 

PPt-S.O 

GO TC 1300 

C**«* t EJECT MEGATIT! IHBtt tACinS 
C AID IHHEE AADIOS GtEATIt THAI OOTEt tAOIOS 
1220 IP(SC*E*»SQ .LT. O.C) 3QtIk*SQHII/2.0 
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1ST 

is* 


15* 

1*0 


HI 

1*2 


HI 

It* 


1*5 

1** 


1 *« 

110 


171 

172 

173 
17* 
175 
17* 
177 
17* 
179 
1*9 
1*1 
1*2 
1*3 
1M 


C**»« 

c* • • • 

(MM 

(•••• 


1233 

1250 


1*5 

18* 

1*7 

1*0 

1** 

1*0 


ir(SC*l**SQ .ST. .**) SQB!A-SQir*/2.0 
SQ«S0»*0ICB 

so.si sic mi* or cMTiirocn sticssis it ootii.iiiii 
SO»SS» (2.0* tl.C-Plj/ (J.0*f I) «2.0«sc**2) 

*!•«• (2. 0* (1. 0- FI) /(1.0* PI) •SQ*»2»2.) 

7 1 00 180 TIGI IRF TOIOOt STRCSSIS 
T*00«2.0*TT/(»ri**3*( 1.0-SC*'*)»PI) 

TI0I-2.0*SQ*TT/ (*ri»«3» {1.0-SQ»»» ) •*!> 

TO I ID Tt IIC ROM'S CIICL1 IDCX110IS 
TO-SCI1(TIOO»»2»SO»»2) 

TI*S3lt (T10I*«2»SI*»2) 

LAIGSI STMSS ROIIT USID IS CI1TSIIO* 

T1«TI 

ir(TC .SC. TI) 11*70 

ITT CM? TO GIT BITBII *5* Cf SfICIFIIC STIISS. Till 
IHTIII .IT. TI .110. .95'Till .ST. TI) SO TO 1230 

in is suricii mu pidios 
i*i-i 2 »iri 

TO IS THC ST*CS3 LITCl OSIC TO CILCOLITt SIIPT STIISS 
PCII11T ruiCTIOl 
TD-TSAC 
GO TC 1309 

■CRTCIS RTTIOO IS osrc TO CSTIIR I II* sotss roi so 
0T1 I! BIT! Cf CIIRGC Of STIISS 1111 SQ 

os iic ct in cosrcicrr cniriTiris 

sg*tv IS THC ISTIRITC roi HI CBIISI I* SO I IQ OH CB 

ir [TI-TO)12IC. 1259,1250 

• ■1*1 

DS«*.0*SO*SS*(1.0*PI|/(3.0»M) 

OTO-TIUO**. C*S0**3/ (1 .C-SC*®*»» 

ET'TinCOTO 

DTI- (SI»OS'T»OI»CT)/T1 
SQIR*»PP*(.975-TBAI-T1)/DT1 
GO TC 1219 

*•*• 1 

CS«* .C*S0*!S 

OTT AOO-*. :*SQ**1/ (1.D-SQ-M) 

0T1•(IC*0S*TIUC*0T) /TI 
SQIC3-PM (.975»TM*-T1)/CT1 
GO TC 1219 

oiRPti ironiiiRHTS roi nuiT croshibg loads 

DIR C* IS DCSIGICD TO CIAIT ROAST CISC CROSHIBG LOIOS 

r*03 I LIBI-LIRC TEIRIBAL MOLT 

ST*G IS SAGIITIC STIISS IT SBOFT CIICUIT 

ST* IS TOTAL STIISS MOB A MOLT 

stc» is CMT»xrocAi striss it iitic spied 

Drer IS CEXTIIFUGIl DKILCCTIOB AT IITIC SMIO 

or*G is sigiitic DiriscTici r*ci i molt 

on is tqtil Dmicr.il it suoit ciicoit 

IT-(RPI»BRI)/2.0 

THSB-MO-IAt 

BIVAT/IS 

ixi-isp/is 

CITB-IISirn 

s»Ti«soiT{i.o-rr»pr)M7/ciTii 









191 S90i>n*c«ii 

192 c»Di*sorr [1 .o-s«ol*s»dli 

191 BAO a «.2*2 a SU/PI*SC10*R AO- 11.0-1* (1.0-X**3)/3.0*l aa 2) *AJA 

199 ELSS a PI*BH» (1.C* IRSB/BS) ••21/8.0 

199 |A«IAAT/AJA 

19* ll*- ((1*.0«lO»«rni» (RA**2) • (SCI C* a 2)) /(P»PI a (SC10 aa 2) 

1* (1.0-X»*2) **2)) • SS a X 8A aa 2 

197 rtS»M*«1.5 

198 EBAP a 2.0 a B1*9C 10«(PP/RAO) a (1.0-1* 1.0/3. 0* (1.0-X a *3) • (RAO/RS) ••2) 
1/ (Til R A F* (1.9-I**2) J 

199 ERAS*ESAP* IFSB/FT) 

200 XD11*XC a {1.C-1.S a EflAS«FflAS/ILS/ELSS a lA/lOA) 

201 BA 1»BA0/1D11 

202 BFO a O.***S7«Ra/PI a SC11 *BSB« (RFC/RSB) ""a* (1.0-T**3) • (1.0*7X2**2) 
1*AJF 

203 OELTMTAR (SRDL/CXDL) 

20* THET* AT A* (SRTH/CXTH) 

205 CCC-2.0*BAI/{1.9*27X**2) 

20* AAA* ! AO-SBTIMCCOPPO-CROL 

207 BB8*PA0 a CNTtl*AF0*SRDL 

2C8 BOT* 5087 (9 * A** 2* PBF* a 2 *CCC) 

209 ATBA*A1AB (BBB/AAA) 

21C EEE-ePO-CIS [ATBA-OFLT) ♦FAC»SIB (ATDA*THET) 

211 DOD a BFC a SIX (AT BA-DELT) -BAO a COS(AIBA*TRIT) 

212 FBI" (BO1* a 2-PEE aa 2-DDD a *2)/RU/*.0E* 

213 F» 2* SORT ( (POT aa 2-EEE aa 2*CCI aa 2) aa 2*(fIl a CDE) aa 2) 

1*9. O/FO/*. OE* 

C»*** F* IS BAX RACIAL FC1CX AT FAULT 
21* FP a H1*F»2 

215 ST9B*PF2* 2.C a B 3B a *2/TRSB/TB3B 

21* STBO —FB1*FSB/liSB 

217 STBG* STBS- STBO 

21* ?L8*RFC aa 2-PXI••? 

219 FRSB>TLB*BOAL 

22C STCF**Bse«RSP aa 2*CREGA aa 2 a 1.CE-* 

221 STB a 51 a B*STCf*STR0 

222 AIS*RFO aa *-RFI* a * 

223 ESB a EAl a AI5 

22* DFSM2.C/1.0 a PR2 a 2.0E»/ISB/T»SB a *3»RS8*** 

225 3FBO«STFn»ASB/ESB a 1.0E* 

22* DFFG«CFBB-CFBO 

227 DPCP*STCP*»Sn/ES8 a 1.0I* 

22* DPR*CFRB*DPCF*OPAn 

C 

C aaaa XEGA1ITE S»COE»CE LOSSES 
C XX IS SHISLO CUPREBT DF.BSITT 

229 XX«*. 0* »JA* I?*SC1 0 a *XC aa [P-1.0) a BAC aa (2.0-F) •F a B8*C8 (»,!,*)/ 

1 (PI a (1.0*(l a *CC)) 

230 OOS a SO*T (2. 0/ (C8FGA a B(I a SIGRAR) ) 

231 FSH a (FX aa 2 a PI a *RC a L0X) / ( «GBAX a 00S1 

C 

C aaaa A RBA10 RE LOSSES 

232 PA«(AJA««2/ (SIGBAA*SFA)) a T**AI«*AO**2* (1.0-X*»2)*10A**PA 

C 

c aaaa pixie at suae raoius 
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23) BRS-RO* (<» . 0*AJP*SC11) / (BB«P1) ) •«*•*•• EH* ( 1. 0- 

C BSO I! SHt IlC OUTER RADIUS 
C SHIBID IS DESIGIED ro* UN1 PORH PLUI cirsitt 
23* ISO AS* (1 . e«PIS/(BSHAX*P)) 

c 

€•••• Fine AT AR IRRCR CCAAEI OP FIELD MIRDIRC 

235 HR *0 

23* HTH-C 

C 13TXHATE P 3110 IRTTRSITT AT IRRIR RACIOS ABO HIGHEST ARC m. A* 

C EXT1RT OP TRI PIFLO HINDIRC. HARBOR ICS 1 TO IT ARD BOTH RACIAL ABC 

C AZIHCTHA1 CORPCRIRTS All IRCLOCEI. 

21F DO 1500 I«1,23,2 

236 F* PLCA1 (l) *P 

216 G*PICAT (I) *TRHFB/2.0 

2*0 1530 HU) *2.0*AJP*SIR (G)/;»LOAT (I)*PI» (2.0-P)) •RPI»T«* (P-2.0) 

1*CS (P.T.I) *1*.0-P*»;) *F 
2*1 OO 1SCCR*1,20.2 

2*2 ET-PIOAT !R) •THRPl/2.0 

2*3 SR*HF*H (R) *JIR (EE) 

2** 1*00 HT8-ETB*N (R) *CCS (EF) 

2*5 HSAX*SCAT(HR**2*RTH**2) 

C 

C*«** rotor critical speed 

C C0HP3TE ROTOR CRITICAL SPIED USIRC A S1HPLS BIRDIRG ROBERT B0DIL 

C TOROUE TUBE STIPPRESS ORLX IS OSIC 

C SASS HA IRCLflDPS TORQUE TOM, SHIELD, AID FIELD 

2»* SA* P0SS*(API**2-API**2) *RCCU*SFP*APC**2*(1.0-I**2) 

1‘RCAL* (FRO**2-RRI**2) ) *PI»IOP* ((IPO*GPI-GRI) ••2-RPO*«2) *PI 
C I* IS TOPOOE TUBE rCHERT CP IKITIA 

2*3 I A*<3. 1*1* /*.?)• | PFI***-R»!•••) 

2*6 OHGCRT* *. 8TS*SQRT(E*IA/ (LPI****HA)) 

2*5 O«R»H*C«GC*T/l2.0aH) »V>.3 

C 

C***« HEIGHTS OP PAJCR SATEIIALS 

C STAIRLFSS STTEL (TORQUE TUBE), COPPER (ARHATOil) , STEEL (110* SHIELD) 

C AID AtUSISUR(DARFSR) 

250 HSS*RI*{R'I**2-RPI**2] *LBP*ROSS 

251 Bf*PI*RR0**2*( 1.0-E2**2) *LCR*RCAL 

252 HA"PI*RAO**2*(1.3-X**2)*LO*»ROCn*SPA 

253 SS*PI* IRS0**2-RS**2) *ICA*RCPI 

C HH IS HEIGHT OF PIRDIRG HATERIU 

25* HORI* ((RPO*GPR-GRI) **2-RPC**2) *LCP 

C 

C**«* SOPERCORDOCTIOR REQUIRESERTS FOR COST ESTIHATIS 
C RTSUIT IS IR A PPERE-TURRS-PITERS 

255 ATH* (AJF*TH*PE»RP0**2* (1.0-I**2)/2. 0) *2. 0*LOP 
C 

C***« STATCI CORE LOSSES 

C PPKO IS CORE LOSS EFASITT II RATTS/RG 

25* PPRG*PI*(**S/BSRAE)**GAHPA 

25T FCORf **S*PFRG 

C 

C*»** COST PD RCTXCI 

C C IS COST OP HACnilI IR HEIGHT 

256 C*US*PA*HI*IS«R( 
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259 ALOS*PA*PCOIP*PS8 

C HO] 15 II (G Fit WATT 
26C TLOS-C/ALOS 

261 RATLCS-ALOS 

262 RGLOS*RLOS*ALOS 

26] PPLS-1.0 
C 

C***« PER ALT! FOICTICI PC* PULE CORPIRT L!BIT 

C FIELD CHARACTERISTICS ARE IRPU1 AS PIVI POIRTS II U-j PLARIS 

C I IS IR HC AIRAT, J IS II JC ARRAY 

C H IS ASSURED CCRSTAHT II A SVIIG 

C roi A PIICC H, LIRtAI HTTP POL AT 101 IS USED TO 08TAII CRITICAL 

C CURE EAT DERSITY 

C HR AI IS N AII inn PIILD IRTERSITY 

26« IPIHHAX .LI. HC(1)) GO TO 1C 

265 PFFC»10*M0 

266 GO TC 11 

267 10 DO 1700 1*2.5 

261 1*1-1 

269 1*1*1 

270 IP (HRAI .GT. HC (I) .ARD. HRAX . LE. HC (K) ) 

1JSR-JC (I] * (JC [ l) -JC (I) ) • (HPAX-BC (I)) / (HC (L) -HC(I)) 

271 1700 CORTIRH 

272 IP (HRAI .IT. HC (5) ) JSR*JC(5) 

27] PPFC-.9*. 1*(AJf*IR 1/.1SF) •• 15 
C 

C***» PEIAIYT FUACT1CR FCR SHARI SIRISS 
27* 11 PPSI-.9*. 1* (TD/THAI) **15 

C 

C**»* PEIALIT RnicTICR POR SHAFT CRITICAL SPEED 
C PROYISIOR IS HACI TO RCRCE LCH CRITICA SPEED AIC TO REEP 
C CRITICAL SFIFD AWAY PROA OPIRATI* SPIED 

275 PFCS*.9*.1* (OHIGA/ (P-OHGCST))**3*.C01*(P*08CCRT/(P*08GC8I- 
10RPGA)) **2 

C 

C**»* RESALE* FULCTICR FCR SHIELI FLOE LIHI7 

276 PFSP*.9*. 1* (BRS/BSRAI) *«15 
C 

C***« PERALTY FURCTICR FOR DARPER STRESS 

277 PROS*.9*.1*(STB/DSAI)*»5 
C 

C»*** ? ES ALTY Fn ACT ICS FCR ARFAIURI IISOLAIICR AID OIAHETEI 

278 PFAI*.9*. 1 • (GAI/(RAX-3K0) ) •• 15 

279 PF AC* . 9*. 1* (GAI/ (IS-RAC) ) **15 
C 

C«*** FIRAL COST F1IRCTI0S 

2R0 CF«C*PFSI*PFCS*PFSE*PF7C*PErs*FPLS*PPAI*PPAC 

281 IF (RUH .GT. 0) GO TO 100 

282 T11-YA/1E06 

28] »12*H*AX*R0 

289 WRIT* (6. 701) 

285 W RITE (6 .70 ]) 

266 8RIT! (6,715) 

287 VR ITE (6.797) IP 

288 VIITI (6,709) Til 
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28* 

88IT1 (4 

711) 

8! 

2*0 

Mil! (6, 

713) 

8P8 

2*1 

88 IT! 14. 

715) 

8 

2*2 

W8IT! |4 

717) 


2*3 

••IT! (4, 

71!) 


2** 

• •IT! (4. 

710) 

KV»fH 

2*5 

•KIT!(4. 

703) 


2*0 

V RITE (4. 

721) 


2*7 

Mill (4, 

723) 

»(6) 

2*i 

•8 IT! (4 

725) 

» 11) 

2** 

H SIT! (4. 

727) 

• to 

300 

*8 IT!(4, 

72*) 

LCt 

301 

MITE (6 

731) 

Lt 

302 

MIT! (4. 

73?) 

L!S 

303 

MIT! ;6, 

735) 

*!T 

30* 

MIT! (4, 

737) 

8t»T 

305 

••IT! (4 

719) 

58! 

305 

••IT!(4 

7*1) 

• 8! 

307 

18 IT! (4 

7*1) 

S1G 8!A 

300 

181 T! (4 

7*5) 

THMI 

30* 

• 8IT! [4 

70 3) 


310 

MIT! (4 

75 1) 


311 

MIT! (» 

75 3) 

M2) 

312 

• 8 IT! (4 

755) 

* (D 

313 

• •IT! |4 

757) 

MU 

310 

•8 IT! (4 

75*) 

It 

315 

• •IT! (4 

74 1) 

LC8 

314 

MIT! (4 

763) 

»J8 

317 

• ■IT! (4 

765) 

S! 8 

318 

MIT! (4 

76 7) 

THM! 

31* 

•8 IT! (4 

76 9) 

8!AT 

320 

*81T! |4 

77)) 

181 

321 

• 8 IT!(4 

77 3) 

T12 

322 

MIT! |4 

775) 

10 

323 

MIT! (4 

777) 

(18 

32* 

• 8 IT! (4 

779) 

1188 

325 

• 8IT! (4 

.703) 


324 

MIT! (4 

7*1) 


32"' 

•8 IT! (4 

,783) 

» (») 

32* 

* 81T ! |4 

785) 

88 0 

32* 

• 8 IT!(4 

787) 

* 15) 

330 

MIT! 14 

.7**) 

LC8 

331 

MI T! (4 

7*1) 

Lt8 

332 

•• IT! |4 

.7*3) 

SIG84K 

333 

MIT! (4 

701) 


33* 

«fIT! (4 

,7*4) 


335 

MI T i (4 

.7*7) 

IT 

314 

• 8 IT!(4 

,70!) 

(1 

337 

MITE (4 

.700) 

12 

338 

MIT! (4 

. 703) 


33* 

• 8 IT! (4 

,*01) 


3*0 

MIT! (4 

,303) 

08GC8T 

3*1 

•8 IT!(4 

,*05) 

L8I 

3*2 

(8IT1 (4 

,70 3) 


3*3 

• •IT! (4 

.811) 
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)«* SPITS [6,HJ| 8JS 

3*9 SPITE(6.315) 61 

3*6 SPITE (6.617) 36 

367 HIT! (6,81 9) It 

3*6 SPITE (6,871) 63 

366 SPITE (6,703) 

350 SPITE (6,831) 

351 (PIT! (6,633) 6E3 

352 SPIT! (6,8)5) PSO 

353 SPIT! (6,837) 6! 

35* SPITE (6,839) BSS6X 

355 SPITE (6.70)) 

356 SPIT! (6.861) 

357 SPITE (6.66 3) P» 

156 SPITE (6,665) PCOI8 

356 SPIT! ((.817) PSD 

360 SPITE (6.8«9) S»TL03 

361 , SPIT! (6,851) *1.09 

36 2 SJITE (6,95 3) 60ICS 

363 SPIT! (6.73J) 

366 Sp IT! (6.871) 

365 SPIT! (b.87 3) PCCO 

366 SPIT! (6, 875) PCP1 

367 SPITE (6,877) RCAL 

368 SPITE (6,879) SPSS 

369 SPIT! (6,883) PCS 

370 S RITE (6,773) 

371 BP ITE (6,981) 

372 SPIT* (6,993) PESI 

37 3 SPIT! (6,885) PECS 

376 SPITE (6.887) PESE 

375 SPIT! (6,989) PEEC 

376 SPIT! (6.981) ETCS 

377 SPIT! (6.860) PE6I 

378 SP IT! (6, 8°2) PEPC 

379 S PIT! (6,70 3) 

380 SPIT!(6,901) 

381 SPITE (6. 105) C 

382 SEI'E <6 ,607) CE 

38 3 SPITE (6.733) 

386 SPIT! (6,711) 

385 SPITE (6,91 3) 0861 

386 SPITE |6,915) TPPI 

387 88ITE (6.617) ! 

388 SPITE (6,619) pp 

389 *11*1 (6,703) 

390 IPITl (6.5C00) 

391 701 E0I86T [131,101,608 StlPIPCCIDOCTIIG CIS 11PT0I/80T0P CISISI ) 

392 703 E0P9*T(/728--- 

1- 

3*3 705 P0E9PT 113P •• PPTIPG ••) 

39S 707 EOS96T (51,668 PkTEC POSEP (RE)..E10.0) 

395 7C9 POP86T (5S.66P f»TEOPOS!P (8f»).P1C.0) 

366 711 E0P9IT (5*.668 POSES EPCTCE ..E10.3) 

397 713 EOtNRT(9X,l68 PIC8PSIC1L SPEED (8PN)..P10.0) 
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398 715 FORBAT (5X,46H NURBER OF POU PAI8S .P10.0) 

399 717 PCRHAT(5t,468 TERRTRAL VOLTAGE [V>.PIO.C) 

aCO 719 PORRAT(5X,468 ARRATURE CURREKT (A). E10.4) 

901 719 POR0AT (5I.96H PER UNIT FOWIR RATING (P.U.)..MO.2) 

902 121 FOR 9 IT (15H •• ARPATUPE ••) 

903 723 R0R9AT (5X.460 ARBATUR* 7HICK0RSS ...P1C.4) 

409 725 P0R5AT (57,468 AR RATH RE TC CCRT CAP ( ..P10.9) 

905 727 PORRAT (51,460 ARRA70PE OUTER RADIUS (0).,M0.4| 

906 729 PORRAT 1*1.960 AV !R All ARRATURE LENGTH (R)..MO.4) 

907 731 PORRAT (59,468 ACTIVT AR R AT UR I LENGTH (0)..MO.4) 

408 733 PORRAT (61,4611 STRAIGHT SECTION LENGTH (i|.P 10.4) 

409 735 PORRAT (61,4611 VOLT PRO TURN (RRS).,P10. 5) 

410 737 PORRAT (51,46H AR-ATURE A PP fRE-TURKS (RPI/PHASE).,E10.4) 

41 1 739 PORRAT (5X.46H ARRATURE 4 ENDING SPACE PACTCR.P1C.4| 

912 741 PORR AT (51,46H NO. OP AR RATON I PHASES ..P10.4) 

41 3 743 PORRAT |Sl,46H ARRATURE CONDUCT I PITT (S/0) ..E10.4) 

414 745 PORRAT (Si, 460 ARRATURE AACIE (RAC) .P10.4) 

415 751 PORRAT(270 •* HELD NINDING *") 

416 753 PCRNAT (51, 468 PI ELI THICKNESS (E) .P10.4) 

417 755 PO RNA T (5x, 460 FIELD INNER FADIUS (N).,P10.4) 

419 757 PORRAT |5t,46M PI'LC TO DANPER GAP (8) ..P10.4) 

419 759 PORRAT |6p,468 ACTIVE NACHINE LENGTH (8| ..P10.4) 

420 761 P04RAT (51,460 OVERALL EIJLO LENGTH (N) .P10.4) 

421 763 PORRAT (51,461! ELELE CURRENT DEXSITT (A/R»»2) .K10.4) 

422 765 PORRAT (51,460 El ELD NINDING SPACE PACTCR .,P10.4| 

423 767 PORRAT (51,460 PIEi: ELECTRICAL NINCING ANGLE (RAD) .,M0.4) 

424 769 EORRAT (5I.46H PI ELD ARP ER E-T UR N S (A-T) .E1C.4) 

925 771 PORR AT (5X, 46N RAJ PIN UNIT PIEIC CTREE IT ..MO.2) 

426 773 PORRAT (5P.46H PAIIRI1R FIELD (TESLA) .,M0.0) 

427 775 EOPRAT (51, 46R SYROHR0RCUS REACTANCE .P10.4) 

429 777 PORRAT(5I,460 TRANSIENT REACTANCE .P 10.4) 

429 779 P0BRA1 J5J, 46H SU ETR A NS 1 E NT REACTANCE .,M0.4) 

430 781 PORRAT (1311 •• OARPE? ••) 

431 783 *0SRAT(ST,46H CARP'R TSICNNESS (0| ..P10.4) 

432 785 »ONRAT |«X,46H DAOPPR OUTEP RADIUS (0) ..ElO.A) 

433 787 PORRAT (5J.46H DA'PER TO AR8 ATTIRE GAP (0) .E10.4) 

434 709 PORRAT (5J,460 OVERALL E A.7FER L PNGT0 (8) .P10.4) 

435 791 POR0AT (5V.46H ARRATURE COUPLING LENGTH (8) .,M0.4) 

4 36 793 PORRAT (5V,46H DAPPER CONDUCTIVITY .,910.4) 

437 796 PO NR A T (1611 •• STAPILITT ••) 

4 30 797 PONRAT (51,460 TRANSFORPEP REACTANCE .,P10.4) 

434 790 P038AT (5I.46H REACTANCE UNPAULTIO LINE .P10.4) 

44C 799 PORRAT (51, 460 READTANCE PAOLTED LINE .,P10.4) 

441 801 PORRAT (290 •• NATURAL PRECURNC7 ••) 

442 003 rORRAT (5V, 460 ROTOR CRITICAL SPEED (RPR) .P 10.1) 

443 005 PORRAT (5X, 46H BEARING SCAR (8) ,P10.4) 

444 ill P0R1*T(11H •• WEIGHT 

445 R13 PCPRAT (51,46H STAINLESS STEEL SUPPORT (ICC) ..P10.4) 

446 PI 5 EORRAT [5V, 460 SHIELD NINDING (KG) .P10.4) 

447 817 PORRAT (51,46H ARPATURE (XG) .P10.4< 

440 019 »ORNAT (51,460 FINDING RAT EPIA L (KG) . .P10.4) 

949 021 PORRAT (SC. »6H STATCR CDNE (KG) ..P10.4) 

950 931 P0394T (268 •• PE»OHAGNETIC SHIELD ••) 

951 933 PO90AT (51,408 PLOT AT 5811LE KADIUS (TESLA) .MO.4) 

452 935 POINAT [51,460 SHIELD OUTER RADIUS (8) .P10.4) 
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«$] 837 roMAi shield ibbeb radios (8) ..fio.a; 

«5« 839 FO»0»T(5»,»6» 8*1. SliHIO FLOE CEBSITT (IESLA) .810.») 

455 8* 1 FOBSAT |13!l •• LOSSES ••) 

• 84 M 3 F0BSAT(5E.4fcH A0SATC3E LOSSES (KITTS) .,110.*) 

• 37 8*3 F03HAT |5«,4*H STATOF CO FE LOSSTS (BATTS) .F10.4) 

• 38 B«7 FO?SAT(3E.46H B EG ATIF* SEOUTKCT LOSSES (BATTS) ..E10.4) 

*3* 8*9 FOBSAT(3J.46H TOTAL LOSSES (BATTS) ••••.110.•) 

•40 851 F0H3AT(5X,46N COST OF LOSSES (AG/BATT LOST) .F10.»| 

•41 353 80S S AT (5T, *6 0 TOT A 1 COST C F LOSSES (AC) . ,E10.4) 

*62 871 FOAMS (160 •* CEB SITIE E ••) 

*43 073 FOB9*T(5I,*6H COPPIP (AG/F»*3) .F10.•) 

464 875 F0*1AT(5X.46H IFOB (KC/S** 3) F10.«) 

• 65 077 FOBS AT (5*. ”6 8 ALOSIBO0 (AG/r.B»3) ...F10.4). 

•66 879 FOBSAT(5E.46H STAIALESS STEEL (XG/H»»3) . ,F10.4) 

*67 380 FOBS *T (5X.46H FIA0I»C. 0 AT? FI A L (AG/RF*3) .,F10.») 

•68 881 FOBSAT (TAM •• rEAALTT FUACTIOBE ••) 

• 69 883 FOBSAT (5f, *60 SHAFT STSE5S .,F10.«) 

*70 865 FOBSAT (5I.46H SHAFT CRITICAL SPEED .,F10.«) 

• 71 037 FOBSAT (51, 46H SHIHO 'CUE LIHIT.,F10.4) 

• 72 0B9 FOB SAT(5t,468 FIUC COHREAT LIFIT .,F10.4) 

• 73 991 rOBSAT (51,468 CAPPEP STBEIS .F10.«) 

• 7» 990 FOBSAT(5»,46B ABSATURS IA5ULATI0B THICAAISS .. 

• 75 092 FOBSAT (5l. *6H ARSATORF DIABETES .,F1C.4) 

• 76 901 FOB S AT(110 •• COST ••) 

*77 905 rOSSAT (5E.46H COST FUHCTIOB .,riO.«) 

• 78 907 FOBS AT (51, B6H PEBAII2EC COST FDFCTICB .,E10.«) 

•79 911 FOBSAT(25H •• FATSBIAL COBSTABTS *•) 

• SO 913 FC»H*T (SX,46B SAX SHEAR STRESS IB DASPEB SATEBIAL .,310.4) 

481 915 FOBSAT (5I.46H SAX SHEAF STRESS IB IOBQCE TOBE SATEBIAL .....E10.4) 

482 917 FOBSAT (SX.46H 10 UR O'S SODULDS ..,E10.4) 

4*3 919 FOBSAT (51,468 FOJSSOi'S BAltO .,F 10.4) 

484 5000 FO AH AT ('1•) 

483 100 AITUSB 

• 86 EBC 































I 


487 


FUNCTION CM(P.X.W) 


c**»* 

CALC GEOMETRIC COEF. CM **** 

488 


IF(P-2.0)1000,1100,1000 

489 

1100 

CM=0.125*(-AL0G10(X )+0.03125*(1.0-X*X)*W**4) 

490 


GO TC 1111 

491 

1000 

AA=2.C-P 

492 


BB=2.0+P 

493 


CC=2.0*P 

494 


CM=((1.0-X** AA)+(AA/BB)*(1.0-X** BB)*(W**CC)), 
l/( P* (4,0-P**2)) 

495 

1111 

RETURN 

496 


END 

497 


FUNCTION CS(P.X.W) 


C**** 

CALC GEOMETRIC COEF. CS **** 

498 


IF (-2.0) 1000,1100,1000 

499 

1100 

CS=((X**4*(AL0G10(X)))/20.0)+((1.0-X** 4/8.0) 
l+( (((1.0-X**4)**2)/l6.0)*W**4) 

500 


GO TO 1111 

501 

1000 

AA=2.0-P 

502 


BB=2.0+P 

503 


CC=2.0*P 

504 


CS=( (AA-(4.0*X**BB)+(BB*X**4)+(2.0*AA/BB* 

1( (1.0-X**BB)**2) )* (W**CC))/(P* (4.0-P**2))) 

505 

1111 

RETURN 

506 


END 
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Output of 20,000 Horsepower Generator Optimizati 
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• • RATING •• 

• mo pgxe* imci... 20i : i . 

RATEO POWER l Mv A I. n. 

• ext* F»CTC« . l.JCO 

PECHANICAl S»EEO IRPHI. 1600• 

au»be* of pole **i*s . i. 

terpinal voltage ivt. i. 

armature current (*t. o.ascoe cr 

*t* UNIT POWER RATING .. 1.00 


•• armature 

ARMATURE THICRNESS INI. O.O'HT 

ARMATURE TC CORE CAP IPI. C.327? 

AR-ATURE CUTER RACIUS IPI. C.10SR 

AVER ACL ARMATURE LENGTH IN). l.ORT* 

ACTIVE ARPATCRE LENGTH (P). C.6AA6 

STRAIGHT SECTION LENGTH IPI. O.ATAG 

vCLT PER TL*\ I R*SI. »S. *1*66 

ARPATURP AP»ERE-TL«NS IRPS/PHASEI.O.RIRPE 0* 

ARPATURE HlNOING SPACE FACTOR . O.tCOO 

AC. OF ARPATURE PHASES . 1.0JPN 

ARPATURE CCNCUC Tl vl TY IS/PI .0.60000 v*w 

AdPATURC ANGLE IRAQI . 1.0*10 


•• PIELO XI *10 I AG •• 

FIOLO THICKNESS (PI . C.006'1 

FICLO INNER RAOIUS IPt. •'.0 < »77 

FICLO TO 0\P»tR GA* IPI ... 0.00?* 

ACT IVE MACHINE LENGTH IPI . 0.6*** 

CvCRALL FIELC LEMCTH IPI . C.RU*** 

FIELO CURRENT DElSITY IA/P*«?I .0.1STAE C* 

FIELO WINCING SPACE FACTOR . O.ROOO 

PIOLO ELECTRICAL xINOINC ANCLE IRAOI . 2.0 «»3 

PIELO ANPCRE-TU"NS IF-TI .0.RS1RE 06 

PAR PER UNIT FIELC CURRENT IP.U.I. 1.10 

PJIIPU* PlfLC I T P SL A I . ». 

SYNCHRONOUS REACTANCE . l.JPuC 

TRANSIENT REACTANCE . 1.1P** 

S US TRANS I ENT REACTANCE . 1.201? 









































•• CAMPER •• 

OAMPER THICKNESS 1*1 ... <5."*** 

OA-PER OUTER RAOIUS IM| . c.m* 

camper io armature cap on . o.oejt 

CvERALL DAMPER LENGTH IN) . 1.0226 

armature coupling length ini . o.*n* 

damper CONDUCTIVITY .0.200 n F CP 


•• STABILITY •• 

TRANSFORMER REACTANCE . 0.1000 

REACTANCE UNTAULTEO LINE . O.ICC" 

reaotance faulted IINC . 0.1 'CO 


• • NATURAL FRECUENCY •• 

ACTOR CRITICAL SPCEO I YPN I . SP6.J 

SEARING SPAN INI . I.E226 


•• WEICMT •• 

STAINLESS steel SUPPORT I KG) . M.6RC0 

SHIELD MlROING (KCI . I26.AA6T 

ARMATURE IKGI . ES6.R620 

SINJING MATERIAL (KOI . D.OCIT 

STATOR CORE IKGI . 2S2J.6J30 


•• FERCMAGNET1C St-ICLO •• 

FLUX AT SHIELD RAC I US ITCSLAI . 0.6161 

SHIELD OUTER RIOI'JS IMI . D.aSRE 

SHlELO INNER R'OIUS |M| ... 0.T1T0 

MAR. SHlELO Flux censity ITESLAI . l.TSCO 


•• LOSSES •• 

ARMATURE LOSSES I WATTS...O.llTTE C» 

STATOR CORE LOSSES IWATTSI ... ERR.AITS 
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NEGATIVE SEOLENCC LOSSES (MATTS) . 



TCTAL LOSSES (MATTS) ••••... 











•• 

DENSITIES •• 

CCE*EA IKG/M*«3» . 









STAINLESS STEEL tXCZM*«3l . 

eiNOING NATE A ML IKG/H - *3I . 

AC00.0)C0 




•• 

penalty functions •• 

SHAFT STRESS ... 


- 

SHAFT CRITICAL S^EED.%.. 



SHIELD ell* L MIT... 






OAMEER STRESS . 






AHNATU*E DIAMETER . 





•• 

CCST •• 

CCST FUNCTION . 



penalized cost FUNCTION . 

....0.1T9AE 0* 


•• MATERIAL CONSTANTS •• 

PAX SHEAR STRESS IN DAPPER PATFRIAL .O.ZOOS SN 

PAX SHEAR STRESS IN TCROUE TUBE NaTSRIAL ....O.ASCCE :*» 

YOUNG'S POOULUS .0.20C0C 12 

PCISSGN*$ RATIO . 0. JIV'D 


























APPENDIX C 

Output of 40,000 Horsepower Motor Optimization 
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SUPfACCNOUCTING GENEAATOA/NOTOA DESIGN 


•• KATINS •• 

RATED POWER .. S021*. 

AATEO POwE* I MV A). JO. 

•OwEA fACTOK . I.3CP 

PECHANICAL SPEED IKPNI. 20C. 

NLPScA OF POLE PA IAS . J. 

TEKHINAL VOLTAGE (VI. 1. 

ARMATURE CUAAENT (A).O.ISOOE IT 

PEA UNIT POMEA AATINC .. 1.00 


•• AKPATUAE •• 

ARMATURE THICKNESS (HI. 0.1719 

armature ic cmr i*i. o.oion 

AA-ATUAE OLTCA AA CI US INI. 0.7292 

AVEA ALL ARMATURE LENGTH I «I... 1.7D77 

ACTIVE ARMATURE LENGTH (Ml. 1.9089 

STRAIGHT S'CTION LENGTH t»). l.JSv* 

VCLT PEA (LAN IANS). 19,498 00 

ARMATURE A9P?AE-TLA»IS (ANS/P'iASE) .Cl.*192£ 06 

ARMATURE WINGING S»AC c FACT OR . 1.1CCO 

NC. JF AANATLRL PHASES . 3.GO 00 

ARNATUAE CONDUCTIVITY IS/NI .0.6COCE OA 

ARNATUAE ANGLE IRAQ) . 1.0*70 


•9 FICLD WlNOING •• 

FIELO THICKNESS INI . 0.0110 

FIELD INNER RADIUS IN). 0.*1'.9 

FIELD TO OANAEA GAP INI . 0.122S 

ACTIVE MACHINE length ini . I. SC ?S 

Overall field length ipi . i.spgs 

FIELD Current DFlSITY IA/p««;i .0.1AJCE 09 

FIELO WINCING SPACE FACTOR . O.SIOO 

FICLO ELECTRICAL wlr.OINC ANGLE 19*0) . 2.09*0 

FIELD ANPEAE-TUAIj IA-T) .0.*tS»E 07 

PAD PEA UNIT FIELC CURRENT IP.U.). 1.1* 

MAXIMUM FIELC ITESLA) . *. 

SYNCHRONOUS 9C ACT ANCF . 1.00*9 

TRANSIENT REACTANCE . 0.8668 

SUBTRANSIENT REACTANCE . 0.86*1 
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•• OAPPCR •• 

CAMPER THICKNESS ini . 0.04V) 

CAM>£R OUTER RADIUS (HI . 0.529A 

CAMPER TO ARMATURE CAP IMI . 0.0295 

overall damper length imi . uraae 

ARMATURE COUPLING LENGTH (Ml . 1.6<»TB 

CAMPER CONOUCTIVITV .0.23C0E 08 


•• STABILITY pp 

TRANSFORMER REACTANCE . 0.IOCO 

REACTANCE UNFAULTED LINE . O.IOCO 

REAOTANCE faulted LINE . 0•1000 


•• natural FRECUENCY pp 

ROTOR CRITICAL SPEED IRPMI .. IR05.R 

BEARING SPAN IMI . 2.3A6R 


•• HEIGHT pp 

STAINLESS STEEL SUPPORT IRC) ... 2096.2830 

SHIELO VI NO t NO (KOI . 6«T.Ub2 

ARMATURE IRGI . 3311.9090 

BINDING MATERIAL IKGI . 0.0132 

STATOR CORC (KOI . 7306.2100 


•• FERC-AO.NET 1C SHIELO •• 

FLUK AT SHIELD RACIU5 (TfSLA! . P.736T 

SHIELO OUTER RADIUS IMI . 0.066? 

SMIELO INMCA AAOtUS (Ml ... 0.TISC1 

MAK. SHIELO FLUK OENSITY ITFSLA) . 1.7500 


•P LOSSES •• 

ARMATURE LOSSES I MATTS I .0.A539C i*A 

STATOR CORE LOSSES IMATTS) . FA2B.002C 
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NEGATIVE SEOUENCE LOSSES (WATTS) .0.11T7C <H 

TOTAL LOSSES (WATTS) ••••.3.B5T1E 06 

COST CF LOSSES (KG/NATT LOST) . 0.0156 

TOTAL COST OF losses (KG) .0.1J19E cs 


•• DENSITIES •• 

CE»PEA I*G/M»*J) . ASOu.OCCO 

IREN (RG/F**]) . T5CO.OJCO 

ALUMINUM IRG/MMS) . ’600.0000 

STAINLESS STEEL l*G/N»»J> . lij’l .''"OO 

BINDING MATERIAL UC/nmpII . 1600.OOCO 


•• penalty functions •• 

SHLrr STRESS . I.uOOO 

SHAFT CRITICAL S*HJ . 0.1010 

SHIELD FLUX LIMIT. O.IjIs. 

f iclo current limit . o.ROoa 

DAMPER STRESS . 0.9u00 

ARMATURE Insulation THICKNESS . 0.9026 

ARMATURE OIAFCTEA . 0.9001 


•• CCST •• 

COST FUNCTION .O.nvrc cs 

PENALIZED COST FUNCTION .O.nSAE 0* 


•• MATERIAL constants •* 

MAX SHEAR STRESS IN DAMPER MATERIAL .C.2A0CE 39 

MAX SHEAR STRESS IN TOPCUE TUBE MATERIAL . . . .0.*500F C9 

YCUNG 1 S MCOULUS .0.2)G0E 12 

POISSON'S RATIO . C.T3C0 
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soupcordoctisc genera tor/rotoi deeigr 


•• mrit •• 

RATED ROVER (IIP). 3C161. 

MTtr PO**P (ETA). 23. 

PORE* FACTO* . 1.0C0 

FECHARICAL SPEED (■PIE). 200. 

ROEPTR OR POLE PAIRS . 3. 

TBRBIRAl TOLTAGI (T). I. 

AREATURE COPRERT (A).0.3500E 07 

PER URIT POVEI RATI RG (P.0.). I.CO 


•• AREATOPR •» 

AP* ATOP t THICKS ESS (S). 0.1772 

AREATIPE TO CORE SAP (S). 0.0313 

IRHATnPE OUTER RADIUS (S). 0.6998 

ATER ALL ARBATURE LERSTH (B). 1.4695 

ACTITE ARBATURE LERCT8 (E). 1.1942 

STRAIGHT SECTICR LERGTH (PI). 1.0570 

TILT PIP TU BP (RES). 15. 44257 

ARHATOPE ABPEPE-TUPRS IRRS/PHASI).0.3S68E 06 

AREA TORE VIRDI *G SPACE FACTOR . 0. 3000 

BP. OP ApBATOPf PEASES . 3.0000 

APRATUP! CORDOCTITITT (S/R) . 0.60008 08 

APRATtlPR ARGLE (PAD) . 1.0A70 


»* TltLD tHDUia •« 

PI ELD THICKNESS (H) . 0.0371 

FIELD IRREP * AC TUB (E). 0.3929 

FIELD TO CARPEE GAP (E) . 0.0225 

ACTITE SACHISE lEPCTR (E) . 1.1942 

OTEPALl *ULO IINGTS (E) . 1. 4685 

PIFLD aiRBEET CEESITT (A/E**2) .0.14368 .09 

PltLD TIROIRG SEACI PACTCP . 0.5000 

PI ELC PLFCTPICAL RtRCIRG ARGLE (RAO) . 2.09*0 

PltLD APPERE-TUERS (A-T) .0.45851 C7 

RAI PP* URIT FIELD COPRERT (P.tl.). 1.11 

EAIIRDR FIELD (TESLA) . 4. 

strcrporoos reactance . 0.9743 

TP ANSI BIT R S ACT ARCS .. 0.8719 

SR BTP ARSIERT REACTA RCZ . 0. 8607 


1*5 
















































«• 

DEEPER •» 




















• • 

STABILITT •• 











• « 

■ JkTHPlL FBIQT1ESCY •• 








• • 

height •• 


















•• rEEOPAGHETIC SM1IX0 •• 

rtOT AT SHIELD RADIOS (TISLA) .. 

5HIZLD OOTE8 RADIOS |H) . 

SHIELD INSEE IA0IUS (S) . 

RAX. SHIELD ELOX DEHSITT (TESLA) 


0. 74 28 
0.8345 
0.7310 
1 .7500 


•• LOSSES •• 

AMATORE LOSSES (HATTS) .. 
STATO* CORE LOSSES (HATTS) 


0.6779E 06 
1893.3330 
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RRGATITE SEOUEPCI LOSSES J^MTS) .0.I892E 0} 

TOTAL LOSSES (HALTS) ••••.....0.48071 04 

COST OF LOSSES |PG/»»TT LOST) . 0.01S0 

TOTAL COST Of LOSSES (EC) .0. 1C]JE OS 


OBESITIES •• 

CO FPE • (KS/S««J) . 88 CC. 0000 

18C8 (8C/8»»J) . 7SOO.OCOO 

ALOHIRUR (*G/1»«3) . 26C0.0CC0 

STAI8LESS STEEL (BG/«»»J) . 8000.0000 

BI8DI8G -8 AT 88 I A L (8G/8*«J) . 1800.0000 


PE8ALTT FUPCTICRI •• 

SHAFT STRESS . 1 .0000 

SHAFT CRITICAL SPEED . 0.9010 

SSIFLD FLO! LIHIT. 0.9000 

FIELD CU9REET HUT .. 0.9071 

CAHPIP ST3ESS . 0.9000 

AP 1 ATOP 8 IP SU L IT 108 T8IC88ISS . 0.903C 

A R HA TO PE D1AHE1E8 . 0. 9001 


COST •• 

COST FUPCTIO* .0.1C23E OS 

PEP4LI7TD COST F08CTI0P .0.5503E 04 


SATERHL C0PSTA8TS •• 
P AI SH»A» STRESS IP 
BAE SIIEA8 STRESS IP 
TOOIG’S RODOLUS ... 
POISSOP'S RATIO .. 


CAdPTR RATESIAL .... 
TORQUE TUBT BATIRIAL 


0. 2470E 09 
C.4SC0E 09 
0.20001 12 
0.3000 
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Definition of Input and Search Variables 
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1 


Input Variables 


These variables are arranged in alphabetical order 


by their 

names as used 

in the computer program. 

SYMBOL 

UNITS 

DEFINITION 

AJA 


Armature current density 

BSMAX 

T 

Maximum flux density in iron 
shield 

DMAX 

N/M 2 

Maximum shear stress in 
damper material 

DV 


A vector of initial stepsizes. 
Units and variables corres¬ 
pond to the elements of V. 

DVL 


A vector of Maximum variable 
increments. The ratio bet¬ 
ween step-to-step increment 
of variable cannot exceed 
the corresponding entry of 

DVL. Variables correspond 
to the elements of V. 

E 

N/M 2 

Young's modolus of the 
torque tube material. 

EAL 

N/M 2 

Young's modolus of the damper 
material. 

EPSI 


Optimization fineness criterion 

GAMMA 


Exponent used in stator core 
loss calculations 

GKI 

M 

Damper insulation layer thick¬ 
ness . 

HC 

A/M 

A five-element vector of 
magnetic field intensities 
used together with JC for 
defining superconductor H-J 
curve. 


12 


Per-unit 


Negative sequence tolerance 
requirement. 







SYMBOL 


UNITS 


DEFINITION 


I 

! 

I 


JC 


A/M 2 


A five-element vector of 
current densities used together 
with HC for defining super¬ 
conductor H-J curve. 


KHFL 

[ 

KBKL 

1 


Factor assigning part of 
field end turn length to 
active machine length. 

Factor assigning part of 
armature end turn length to 
active machine length for 
coupling to damper. 


KBL 


KVARJ Per-unit 

KWA 

LTH 

NPA 

NUMIT 


End-winding modification 
factor. Rule-of-thumb 
armature and damper effective 
end winding lengths are 
multiplied by this factor. 

Volt-amperes used for critical 
clearing time calculation. 

Armature winding factor. 

Length of thermal distance 
piece at one end 

Number of phases-armature 

Number of iterative optimiza¬ 
tion steps. If set to zero 
CF calculates everything for 
the input data and optimiza¬ 
tion is done. 


PF 


Power Factor 

POLE 


Number of Poles 

PR 


Poisson's ratio for torque- 
material. 

PZ 

w Ac 

Dissipation density of core 
material at max flux density 

ROAL 

KG/M 3 

Density of damper material 
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SYMBOL 

UNITS 

DEFINITION 

ROB 

KG/M 3 

Density of binding material 

ROCU • 

KG/M 3 

Density of armature conductors 

ROFE 

kg/M 3 

Density of core iron 

ROSS 

KG/M 3 

Density of torque tube material 

RP 


Cryogenic refrigerator penalty 
(Watts input per watt at 4°K) 

RPM 

REV/MIN 

Machine speed 

SFA 


Armature conductor winding 
space factor 

SFF 


Field conductor winding space 
factor 

SIGMAA 

S/M 

Conductivity of armature 
conductor 

SIGMAK 

S/M 

Conductivity of damper material 

TKWAE 

RADIANS 

Armature phase belt angle 
(electrical) 

THWFE 

RADIANS 

Field winding angle (electrical) 

TMAX 

N/M 2 

Max shear stress in torque 
material 

TW 


Fraction of DV used as trial 
stepsize in stepsize determin¬ 
ing routine. 

V 


Initial array of dimensions 
and current density.(see 

Table I.1) 

VA 

Volt-amperes 

Machine rating 

VT 

Per-unit 

Terminal voltage for critical 
clearing time calculation. 

XT 

Per-unit 

Transformer reactance 
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SYMBOL 

UNITS 

DEFINITION 


XI 

Per-unit 

Reactance of 

unfaulted line 

X2 

Per-unit 

Reactance of 

faulted line 
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Table E.l 


SEARCH VARIABLES 


VARIABLE 

SYMBOL 

V SYMBOL 

DEFINITION 

R fi 

RFI 

V(l) 

Field winding inner radius 

t f 

THF 

V( 2) 

Field winding thickness 

g fk 

GFK 

v( 3) 

Field winding to damper gap 

*k 

THK 

V(4) 

Damper thickness 

g ka 

GKA 

v ( 5 ) 

Damper to armature winding gap 

*a 

THA 

V( 6) 

Armature thickness 

g as 

GAS 

V(7) 

Armature winding to stator 
core gap 


AJF 

V (8) 

Field current density 
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APPENDIX F 

Variable Inputs 
for 

20,000 HP Generator 
40,000 HP Motor 
30,000 HP Motor 


15* 




20,000 HP Generator 


SYMBOL 

VALUE 

SYMBOL 

VALUE 

RFI 

.12 M 

DV( 1) 

.012 

THF 

.026 

DV( 2 ) 

.0026 

GFK 

.025 

DV(3) 

.0025 

THK 

.05 

DV(4) 

.005 

GKA 

.02 

DV(5) 

.002 

THA 

.1 

DV ( 6 ) 

.01 

GAS 

.02 

DV(7) 

.002 

AFJ 

1.2 x 10 8 

DV( 8 ) 

1.2 x 10 ‘ 

VA 

15 X 10 6 VA 



POLE 

2 



RPM 

3600 RPM 




40.000 HP 

Motor 


RFI 

.36 

DV(1) 

.036 

THF 

.026 

DV( 2) 

.0026 

GFK 

.025 

DV(3) 

.0025 

THK 

.05 

DV(4) 

v', 

0 

0 

GKA 

.02 

dv(5) 

.002 

THA 

.1 

DV( 6 ) 

.01 

GAS 

.02 

DV(7) 

.002 

AJF 

1.2 x 10 8 

DV( 8 ) 

1.2 x 10 ' 

VA 

30 x 10 6 



POLE 

6 



RPM 

200 
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SYMBOL 

VALUE 

SYMBOL 

VALUE 

RFI 

.40 

DV( 1) 

.04 

THF 

.026 

DV( 2) 

.0026 

GFK 

.025 

DV(3) 

.0025 

THK 

.05 

DV(4) 

.005 

GKA 

.02 

DV(5) 

.002 

THA 

.1 

DV(6) 

.01 

GAS 

.02 

DV(7) 

.002 

AJF 

1.2 x 10 8 

DV(8) 

1.2 x 10 7 


22.5 x 10 6 


VA 











APPENDIX G 


Fixed Inputs for Computer Optimization Program 
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| SYMBOL 

j 

VALUE 


SYMBOL 

VALUE 

1 

AJA 

3-5 x lo 6 


FF 

1.0 

BSMAX 

1.75 


PR 

0.3 

DMAX 

2.4 x 10 8 


PZ 

2.65 

DVL(1-8) 

.1 




I 

E 

2 x 10 11 


R0A1 

2600 

M 

EAL 

6.94 x 10 10 


ROB 

1800 


GAMMA 

2.4 


ROCU 

8800 

[ 

EPSI 

.005 





GKI 

.02 


ROFE 

7500 


HC 

see Table G.l 


ROSS 

8000 


12 

.05 


RP 

1000 


JC 

see Table G.l 


SFA 

0.3 


KBFL 

.5 


SFF 

0.5 


KBKL 

1.0 


SIGMAA 

6 X 10 7 


KBL 

1.0 


SIGMAK 

2 x 10 7 


KYAPU 

1.0 


THWAE 

1.047 


KWA 

1.0 


THWFE 

2.094 


NPA 

3.0 


TMAX 

4.5 x 10 8 


NUMIT 

15 


TW 

0.1 


VT 

1.0 





XT 

0.1 





XI 

0.1 





X2 

0.1 
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TABLE G.l 


HC VECTOR OF MAGNETIC FIELD INTENSITIES AND 
JC VECTOR OF CURRENT DENSITIES 
for defining the Superconductor H-J Curve 


SYMBOL 

VALUE 

SYMBOL 

VALUE 

HC (1) 

5.5X10 6 

JC(1) 

0 

HC (2) 

4.38X10 6 

JC(2) 

lxlO 8 

HC(3) 

3.18X10 6 

JC(3) 

2x10 8 

HC (4) 

2.OxlO 6 

JC (4) 

3xl O 8 

HC(5) 

.796xl0 6 

JC(5) 

4x10 8 
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APPENDIX H 


Ship Synthesis Model* 


♦Ship Synthesis Model is the model in Reference (16). 
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The ship synthesis model is a method for estimating 
the weight, volume, electric load, speed and other overall 
ship characteristics of Naval Surface Displacement Ships. 

This program has been verified to give accurate results 
for ships which range in size from 300 to 700 feet in 
length and 1700 to 17,000 tons in displacement. The 
model does not attempt to define or check the arrangements 
required for the ship* therefore, highly arrangement 
dependent calculations cannot be performed. These include 
damage stability, topside arrangement, internal arrangements, 
longitudinal balance, and strength calculations. 

The synthesis model does provide solutions that 
satisfy the following requirements. First, there must be 
a balance between weight and displacement. Second, internal 
space available must be equal to or greater than internal 
space required. Third, the energy available must at least 
meet the energy required to provide internal power and 
to propel the ship. Finally, the distribution of weight 
and volume must be such as to satisfy design criteria for 
transverse stability, girder strength and seakeeping. 

The model synthesizes a Naval surface ship from the 
following relationships: 

a. Selecting starting estimates for full load 
displacement and center of gravity based on 
a set of relationships and rules. 
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! 

b. Selecting the proper geometric relationships 
for Navy surface ships to match the hull 
form to the displacement and center of 
gravity. 

11 * 

c. Linear fit for the selected hull form to the 
resistance and powering curves. 

d. Calculating the weight of the specified pay- 
load items and other ship equipments to 
determine a more exact value for full load 

, displacement. 

e. Calculate the center of gravity based on 
specified ship configuration and compare 
to estimated center of gravity, 

f. Calculate the volume required and match this 
with the calculated hull dimensions. 

g. Perform electric load calculations. 

h. Compare equipment sizing relationships with 
the existing ship dimensions. 

i. Iterate through the above steps until all of 
the relationships agree to within a specified 
tolerance or until the maximum number of 
iterations has been performed without 
obtaining viable solution, in which case the 
ship as specified is infeasible. 
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S a IP MOflBra 2 


TSUS 0.00 

▼ cHD 20.00 

B A N<*£ 6000.00 

LOP 52 9.00 

L/3 9.62 

8/a 2.89 

CP 0.59 

Ct 0.83 

0. 00 

o.co 

P30P PLX 6.00 

3US SH? 6C00C.CC 
60 30ILS 0.00 

BU USACT 0.00 

bif E*GS a. 00 

■U SHAFT 2.00 

PaOPfLLB 2.00 

SrtPT TIP 1.00 

PBOP *P1 169.00 

PdQP DIA 17.00 

OdPTU .53 O.OC 

LiBIH A3 0.00 

b£ A.1 Ad O.CO 

PC 660 0.00 

PC 54AS? 0.00 

PBOP PL T GASIUR32 

SSiL TTP V.ASTJBB2 

£5£L TT? GASI03B2 


SHIP SPEC!FXCAT10BS 

DELTA CP 0.00 

C.OC 
0.00 
0.00 
c.oo 

Si PL TIP 3.00 

EHiL rrp 2.00 

NO LOUiD 0.00 

HU A LOS 0 C.OO 

NU ML S3 0.00 

10 GT ON 3.00 

HO ST 03 O.CO 

KB/0IE5L 0.00 

KM/GAS I 200C.CO 

AI/ST5 G 0.00 

ELC AA AG G.oO 

0. 00 
0.00 
c.co 

AZkt TTP 1.00 

PIB STA3 1.00 

0.00 
0.00 
0.00 

OPP ACC 25.00 

SbPT TTP liOLLOM 

? BOPELL 8 COBT PiT 

PIN STAB HO 

dEAT TTP 5TEA5 


CPO ACC 21.00 

CREB ACC 252.00 

PLAG ACC 0.00 

7RP ACC 0.00 

PASS ACC 0.00 

DATS DOB <45.00 

0.00 
0.00 
0.00 
0. 00 

JOLL BAT 1.00 

SCPSTBAT 2.CO 

0.00 

GB/B nil 0. 10 

0.00 

DISP TOL 10.00 

AID15 IT 20.00 

VCG TOL 1.00 

BXVCG IT 20.00 

DCBTAAB5 0.00 

PS COBB O.CO 

?5 AT TTP 2.00 

PFBTCBST 1.00 

0.00 

PASSAGE 2.CO 

HULL fiAT STE2L 

SUP STB AT ALUBIBUB 

PASSAGE POITSTBD 


SPECIAL PATLOAD IBPUT 

■T GRP TOL GRP HT VCG BU VCG BEP ABSA SOP AISA HULL 
BO SPECIAL PATLOAD IBPUT 
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PATLOAO SPECIFICATIONS 


QfcfT I TEA 

Q*rr iTM 

a»rr ires 

QMTT IT ZB 

1.00 

J 

1.00 

208 



1.00 

18 

1.00 

009 



1.03 

27 

1.00 

2 1 3 



1.00 

*0 

4.00 

215 



l.uO 

58 

1. 00 

222 



1.00 

bb 

2.00 

2 JO 



1.00 

7 4 

1.00 

2J2 



1.00 

95 

1.00 

190 



1.00 

9b 

1.00 

262 



.1.03 

100 

1.00 

291 



1.00 

112 

1.00 

264 



1000.CO 

121 

100.00 

252 



36000.oO 






1.00 

148 





1.00 

ISO 





o.oo 

180 





1.00 

18b 





16.00 

1 94 





0.00 

200 





1.00 

20b 






QUIT ITS* 


SUflflART UP RESULTS 


LB? 

529.00 

DISP FLU 

7890.66 

PLO DEIS 

17.43 

BELT! 

5b. 2J 

DISP LSP 

5826.79 

LJP DEIS 

12.87 

DRAFT 

18. 70 

V R LOADS 

196J.88 

MPAY/riD 

0.05 

0 0 

«0. 55 

MT t. A2G 

100.00 

M PEI/TLD ^ 

0.03 

D 10 

JO.06 

MTCFP 1 

3137. 13 

MOPS/PLD 

0. 44 

D 20 

3 3. 59 

6 TGR ? 2 

784.18 

VPAT/VOL 

0.16 

D A1G 

4C.4 7 

M TG R ? 3 

296.89 

vpta/voi 

0.25 

LSI A OK 

32 1. Ob 

MTGBP 4 

250. 28 

VOPS/VOL 

0.59 

CP 

0. 59 

M73RP 5 

739.77 

MTG2/SHP 

22.10 

cx 

0.83 

MTGBP 6 

4 54. J» 

V80/SHP 

2.45 

VC* ELD 

22.27 

MTGBP 7 

159.20 

MT3/KWII 

110.84 

VCO/OAVO 

0.65 

VOL TOT ' 

1014326.00 

MTG1/VOL 

6.93 

L/B 

9.4 1 

VOL HULL 

77JG27.60 

MTG5/VOL 

1.63 

B/d 

3.01 

VOL SS1R 

241298.50 

VH A8/J1 AM 

724.02 

UCAS KC 

0. CO 

CIUISEKV 

1595.00 

iti A0/J1AN 

8«4.71 

i A Nwi 

6000. 00 

BATTLAK4 

1725.00 

SEI/DISP 

0. 04 

SO* S8P 

t»OOCO. 00 

24 ill KM 

1600.00 

KMH/f LO 

0.76 

C«0 SMP 

11537. 13 

MU LCkSD 

0.00 

sur/ozsp 

10. 14 

fsus 

32.87 

60 .1EDSD 

0.00 

DP4V/SHP 

22.30 

f ilD 

2C.00 

■U 81 SD 

o.co 

MP !• V/DP 

1.64 

A V SAA S? D 

31.58 

30 07 01 

3.00 



■U ACCOH 

298.CO 

■U ST 01 

c.oo 



*• 11ST 

6000.00 

AM/CIESL 

0.0 0 



U SPS E 2 

6600.00 

KM/GAS T 

2000.00 



U LBS2G 

0. 00 

KM/ST8 £ 

0. 00 









SKIP BOBBER 2 


SHIP CORStARTS 


KL2SERT 60 8BER VALUE 

2 2 SO 1.96 

2251 1.7* 

2252 1.49 

2253 1.65 

22S* 1.«0 

2255 1.J9 

22Sb 1.48 

2257 2. 12 

2258 1.7b 

225* 1.79 

2 2bC 1.b7 

2261 3.12 

22b2 2.55 

2263 *. 92 

2264 1.49 

22b5 2.5b 

2 2bb 4.20 

2267 2.46 

2268 4.01 

2264 2. 46 

2270 1.98 

2271 2.58 

2272 1.49 

2273 1.5b 

2274 10.00 

2275 C.OO 

22/o 0.00 

2277 0.00 

2278 0.00 

2279 0.00 

2280 O.CO 

2281 0.00 

2292 3.00 

2 26 3 C.OO 

2264 0.00 

2265 0.00 

226b 0.00 

2287 0.00 

2266 0.00 

2264 C.OO 

2290 0.00 

2291 0.00 

2292 0. 00 

2293 0.00 

2294 0.00 

2295 0.00 

2 296 0.00 

2297 0.00 

2296 0.00 

2299 0.00 








SdXF NUNBEI 2 


0ST AIL CO V8SU LTS-'FUNCTIONAL GROUPING 


oooor 

mam 

V EIGHT 
TONS 

61 76 A C 

VOLUIU 

CU F? 

VOL 76 AC 

DENSITY 
LBS/CU FT 

100 

NIL mss 

J*2.8 

O.OS06 

159298. 

0. 1570 

5.52 

110 

CONN/GST 

71.6 

0.JC92 

6 666 1. 

0.0650 

1.85 

111 

RADlOCOfl 

17.2 

3.0022 

S772. 

0.3357 

6.67 

112 

a AD AS 

o. 6 

0.3000 

2SSJ. 

0.0025 

5.79 

110 

SONAR 

12.6 

0.0316 

26966. 

0.0266 

1.11 

114 

ICS 

8.5 

0.331 1 

19966. 

0.0096 

0.68 

IIS 

EVALUATE 

6. 1 

O.COCO 

do 9 1 . 

3.0066 

1.57 

116 

C/U SUPP 

20.8 

3.3327 

6S37. 

0.0065 

10.26 

120 

V E A PC NS 

279.9 

3.3 jb3 

62S73. 

0.3620 

16.70 

121 

GUVS 

164.8 

3.3212 

209S2. 

3.3207 

17.62 

122 

BIS SUES 

0.0 

0.0000 

3. 

0.0000 

0.00 

12 0 

k$d 

6J.4 

3.0302 

15S60. 

0.0150 

9. 11 

126 

NINE VAR 

0.0 

0.3000 

3. 

0.3000 

0.33 

12S 

SB ARBS 

4.7 

0.3006 

1699. 

3.0015 

7.02 

12# 

CN MO EL 

39.4 

C.0051 

0 . 

0.0000 

3.CO 

127 

MFAF SUP 

7.7 

0.0C 10 

6S79. 

0.0065 

0.77 

120 

SPfcCVLAP 

0. 0 

0.0300 

3. 

0.0300 

3.00 

1 jO 

AVIATION 

36. 9 

0.0060 

00267. 

3.0296 

2.70 

101 

CONTROL 

12.4 

0.0016 

0607. 

0.3006 

7.68 

102 

STOV/NKT 

17.9 

0.0020 

22200. 

0.0219 

1.80 

100 

STORES 

6.7 

0.3300 

6660. 

0.3366 

0.07 

10* 

LIQUIDS 

0.0 

0.3000 

3. 

3.3303 

0.00 

US 

OROMAMCL 

0.0 

0.3000 

0 . 

C.3000 

3.00 

1 60 

ARPH OPS 

0. 0 

C.0300 

3. 

C.J000 

0.30 

ISO 

CARGO 

0.0 

C.0QJ3 

3. 

0. 3033 

3.30 

160 

FLAG 

0. 0 

3.3000 

3. 

3.3003 

3.30 

170 

PASSAGER 

0.0 

O.OCOO 

3. 

3.3300 

0.00 

100 

SPEC CIS 

4.4 

0.3006 

3. 

0.3030 

0. JO 


2C3 

P 2 A SO N £ L 

208.5 

C.0007 

251990. 

3.2464 

2.12 

210 

LIVING 

69. 9 

C•3090 

156050. 

0.1519 

1.02 

211 

orr 3 er 

3. 3 

0.3333 

03654. 

3.3000 

0. 30 

212 

OFF 1£S5 

3.0 

3.3330 

7507. 

0.0074 

0.00 

2U 

OFF BATH 

0. C 

0.3003 

3 047. 

0.3000 

0.00 

216 

CPO 8ER 

3.0 

3.COCO 

9646. 

0.3095 

o.co 

215 

c?j ness 

3.0 

O.CCOO 

0462. 

0.0004 

0.30 

216 

CPC BATH 

3. 0 

3.3300 

2087. 

0.0024 

3.00 

217 

CRLV BEN 

3.0 

0.0300 

62826. 

0.0619 

0.00 

212 

CRLVRLSS 

0. 0 

0.0000 

21762. 

0.321* 

0.00 

21 0 

cfembath 

0. 0 

0.0000 

12679. 

0.J125 

0.00 
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SaiP ROBBER 2 


DETAIL S3 RESUITS--FUMCTIOB AL GiOOPXRG COITIROEO 


eiour 

NAAi 

RI1UUT 

TORS 

*t r»»c 

V 0 LO A£ 

cu n 

VOL TRAC 

D1RSITT 
LBS/CO ft 

220 

SUPPORT 

* 5.2 

O.OOSd 

61700. 

0.0608 

1.64 

22 1 

ADBIR FK 

2 . 1 

0.0SU2 

2922. 

C.002 9 

1.59 

222 

FOOD P6d 

to.a 

o.oo m 

16426. 

0.0162 

1.47 

22) 

SCO 6DAM 

2.2 

C • 000 * 

11002. 

0.3109 

0.65 

22 * 

PFR SLR? 

IS. 9 

0.0020 

15742. 

0.0155 

2.26 

225 

i£C ENEL 

2.2 

0.0004 

1 1516. 

0.0114 

0.62 

22k 

SHACK 

10.0 

0.3012 

43C0. 

0.0029 

5.60 

222 

STORAGE 

122.S 

0.0159 

26222. 

0.0357 

7.64 

221 

STORES 

45. 1 

0.005d 

12261. 

0.0122 

d. 16 

222 

PER STOR 

2 * • * 

0.0022 

11542. 

0.0114 

4.84 

222 

PCTMATER 

52.S 

0.0C69 

12209. 

0.0121 

9.72 


3^0 

SHIP OPS 

34 10. 7 

0.4392 

60 3039. 

0.5945 

12.67 

310 

CONTROL 

120. 1 

0.0155 

60688. 

0. 0598 

4.43 

311 

SHIP CRT 

98.5 

0.0127 

26000. 

0.025b 

6.49 

312 

OAR CGRT 

0.0 

O.OCOO 

4357. 

0.0043 

0.00 

313 

OFFICES 

21.6 

0.0028 

3033 1. 

0.0299 

1.59 

320 

A ACM STS 

1259. 1 

0.162 1 

292877. 

0.2887 

9.63 

321 

AACtt 301 

722.2 

0.0930 

195955. 

0.1932 

8.26 

322 

UPTAKES 

130.5 

O.C 16d 

49150. 

C.0485 

5.95 

323 

SH # BH # Pfc 

253. 1 

0.0326 

3848. 

0.0038 

147.38 

224 

AAMEUTES 

b 1.7 

0.0105 

7000. 

0.3069 

26.14 

32 5 

VIMTILAT 

; i.6 

0.0092 

36924. 

0. 0364 

4.34 

3)0 

DECK AUI 

115. 1 

0.014d 

5194. 

0.0051 

49.64 

331 

ANCd.HAT 

88. 1 

0.0 11 3 

5094. 

0.3050 

38.74 

332 

(JURE? 

27. 0 

0.0035 

100. 

0.0001 

604.80 

240 

RAX RTAIM 

92.2 

0.0 1 19 

2 1370. 

0. 0211 

9.67 

341 

A EC HA NIC 

Id.6 

C.002* 

12173. 

3.3120 

3.42 

342 

ELECT AIC 

7.) 

0.0009 

4615. 

0.0047 

3.42 

34) 

RISC 

66.3 

0.0085 

43d1. 

0.0043 

33.89 

350 

STORAGE 

1810.7 

0.23)2 

72599. 

0.07 1« 

55.87 

35 1 

FUEL OIL 

1700.4 

0.2190 

60393. 

0.0595 

63.07 

252 

8 FEED 4 

0.0 

0.0000 

0. 

0.0000 

0.30 

35) 

LOttE ClL 

15.5 

0.0020 

604 . 

0.0006 

57.44 

354 

DIES OIL 

0.0 

0.0000 

0. 

C.OCOO 

3.00 

355 

RISC *.XQ 

0.0 

0. 0000 

0. 

0.0000 

0.00 

3 56 

SToatsop 

69.7 

0.0090 

11601. 

0.0114 

13.46 

357 

BOATS 

25.1 

0.0032 

0. 

0.0000 

0.00 
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SJIP mu n BE I 2 


DETA1LtO 1ESOLTS--PUMCTIOMAL GIOOPIMG COMTXIOBO 


oioop 

M AftE 

8II0HI 

hi mac 

V0LU3E 

VOL PI AC 

OEISITT 



IONS 


CO PT 


LBS/CO FT 

360 

tankage 

0.0 

0.0003 

2827*. 

0.0279 

3.00 

36 1 

BALLAST 

0.0 

0.3003 

0 . 

O.OCOO 

0.00 

3*2 

PFAE 

0.0 

C.0000 

3409. 

0.0034 

0.00 

3» 3 

VC I OS 

3.0 

0.3003 

248*9. 

0.3245 

3.00 

3o4 

XPLOOOkG 

3.0 

0.3000 

0 . 

0.0000 

0.00 

3*5 

!I1SC THE 

0.0 

0.0300 

3. 

0.0000 

3.00 

370 

PASSE ACC 

13.5 

0.00 ' 1 

•'2033. 

0.1203 

0.25 

380 

MULL AAR 

0 . 0 

0.0003 

0 . 

0.0000 

0.00 

390 

SUP CARG 

0.0 

0.0000 

3. 

0.0000 

0.00 

• 00 

B'JLL GRP 

3 121.2 

0.4019 




• 73 

BA5CHULL 

1 326. 1 

0.170* 




• 30 

SEC MULL 

1503. 0 

0.2039 




• 30 

DECAMOUS 

212. 1 

0.0273 




• •0 

aaaor 

0.0 

0.0000 




• 50 

FRE2FILQ 

3.0 

0.0000 




500 

SHIP STS 

602. • 

0.077* 





TOTAL 

77*5.7 

1.3000 

1014327. 

1.0000 

17.15 
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SilP MO SB£R 2 



DETAILED 

REiULTS- 

-■SCI V EIGHT 

LIST1RG 


CROUP 

MAA E 

8 EIGHT 

st n nc 

»t ra»c 

TCG 



TOPS 

PULL L3 

LITE SM 

r r 

no 

pla rmo 

021.2 

0.0707 

0.10CC 

17.2 

131 

FRABIA* 

405.0 

0.0514 

0.0C9C 

13.5 

132 

I Mb BOTH 

lie. 1 

0.0147 

J. 0199 

5.8 

loj 

PL ATTLAT 

20C.3 

C.0261 

0.0)54 

1C.7 

10* 


0. 0 

0.0000 

0.0000 

3.0 

105 


0.0 

0.3000 

3.0000 

0.0 

IOC 


0.0 

C.OOOC 

0.CC30 

0.0 

107 

ALL Del'X 

525.5 

O.OdCo 

0.3902 

39.2 

too 


0.0 

0.0000 

0.0000 

0.0 

1C) 


o.c 

0.0000 

0.3000 

0.3 

110 


0.0 

0.0000 

0.0003 

0.0 

111 

SUPKPSTR 

212. 1 

C.3249 

0.01C4 

57.C 

112 

PROP PMD 

1.7.7 

0.0210 

0.0122 

10. 8 

in 

AUI PADS 

170. 0 

0.0227 

3.0307 

14.0 

114 

Si? BfcHD 

Jwl.l 

0.0301 

0.0518 

24.2 

115 

TRKfcEAC L 

C 5 • 4 

0.0303 

0.0112 

25.2 

1 1C 

*:? spom 

O.C 

0.0000 

0.0200 

0.3 

117 

AitlQI 

0.0 

0.3003 

0.0000 

0.0 

110 

AC T STM 

0. 0 

0.0000 

o.ocoo 

19.5 

11) 

CASTS POP 

85.5 

0.0 108 

0.0 147 

16. 0 

120 

SLAC1UST 

7.2 

0.3004 

0.0012 

5.8 

121 

SAL OUT 

0.0 

C.OCOO 

C.COOO 

0.0 

122 

SPcC CPS 

0.5 

0.3011 

0.0015 

11.4 

12) 

OPiLUTCH 

4 J. 2 

C.C055 

0.0074 

17.8 

124 


0. 0 

0.3030 

J.0000 

3.0 

125 

AAS7KGPT 

6.9 

0.0009 

0.0012 

89.) 

127 

jONAP la 

.3.0 

0.0300 

0.0108 

-4. 7 

124 

iC'i E?L AT 

0.0 

0.3300 

0.0000 

3.0 

150 

MELOPIfT 

51.9 

0.OOCC 

0.C089 

25. 8 

151 

PILZPLlw 

0. 0 

0.3000 

0.0000 

6.5 


GPP 1 TOT 

11J7. 1 

0.397b 

0.5384 

22.9 

200 

801LCCOM 

0.0 

0.0030 

3.0000 

15.) 

201 

PPOPUNIT 

244. 1 

0.C309 

0.3419 

lc.2 

202 

AN CON OS 

0.0 

0.0003 

0.3000 

10. 9 

2 ) J 

SH V OP.P8 

25). 1 

0.0)21 

0.34 34 

6.8 

204 

CCAO A 1P 

50.1 

0.3074 

3.3100 

48. 7 

2)5 

UPTAKES 

130.5 

0.0105 

0.3224 

72.2 

20C 

PROP CKT 

11.0 

0.0014 

3.3019 

25. 1 

207 

AM STA S 

0.0 

0.0000 

3.0000 

27.2 

200 

ftf&COUOM 

0.0 

c.coco 

O.COCO 

16.b 

20) 

CIHCCC-S 

3. 0 

0. 0000 

0.3000 

10. a 

210 

POSLRSTS 

10. 1 

0.031) 

0.3017 

12.0 

211 

LBC1c 3/j 

11.2 

0.0040 

0.3054 

14. 3 

250 

RLPAIRPT 

t. 5 

c.0011 

0.0C15 

17.8 

251 

OPEI FLO 

42.2 

0.0054 

0.0072 

13.9 


GRP2 TOT 

709.2 

0.1000 

0.1354 

24.7 
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sal? rubrei 2 


ar.-Aii.. »i.>uiis--8sci ksuitj listiro cortirhzd 


oaour ram ruort 
tors 

130 il null 111. I 

loi pea s.bj 20.6 

132 CAbLi 121.0 

101 Lioariau lo. 5 

133 BtPAIkPT o.5 

351 \il» f LOS 3.5 

oF PI 10T 210.5 

o00 RAT SOUP Id. 2 

431 IC STS7S 76.1 

4)2 3FC STSI 11.0 

0)1 CB NO EL 19.4 

430 El .1 d. 5 

4 35 *.fC STS O.C 

4)0 ISO res 29.2 

»07 tor? res o.o 

Old RADON 0.0 

4) 9 RAilOCCR 17.2 

oio Eire rat 3.4 

Oil SPACTRCK 0.0 

012 SC A A A 12.4 

411 EL ZC IDS 0.1 

41 s ziicrrsT 12.) 

453 REPAIRPT d.5 

451 ec opfid 0.0 

3«?4 TO I 250.1 

530 HEAT STS D.o 

501 TENT Sis »9.5 

532 AIN C3N0 46.5 

501 REfER PL 11.7 

534 SZAr.LTC 15.7 

5) 5 PlO.lblRU 22.0 

506 PIPS"AIR o2.5 

537 riat EXT 15.6 

538 BA LIT ST S 25.1 

539 P A LS.i 4 AT 29.5 

510 SCUPPERS 1.6 

511 PULLIRAR 63.5 

512 TAIiNHEAT 3.0 

511 CCS P AIR 42. 1 

514 AUX SIB 13.5 

515 BUOT CRT 3.0 

516 81SCP1PE 3.0 

517 313I1LLU 9.0 

51 d SIZER IRC 24.7 

519 RUDDERS 37.0 

520 ABCa.EST 73.5 


RT PRAC 

RT PRAC 

fee 

PULL LO 

LITZ sa 

PT 

0.0141 

0.0191 

18.3 

0.3326 

0.00)5 

25.3 

0.0157 

3.3212 

29.6 

0.004o 

0.0063 

37.5 

3.0006 

0.3008 

21.9 

0.0001 

0.0001 

16.7 

0.0)76 

0.0510 

25.9 

0.002) 

0.C031 

61.9 

3.0097 

3.3132 

34.3 

0.0015 

0.0020 

63.1 

3.3053 

0.0068 

28. 9 

0.0011 

3.0015 

58.6 

o.cooo 

0.0000 

3.0 

0.0337 

0.0050 

35.0 

o.occo 

0.0000 

0.0 

3.300a 

0.0011 

6 5. 1 

0.0022 

3.00)0 

49.6 

0.0004 

0.0006 

55. 3 

3.0000 

0.0030 

3.0 

C.OC 16 

0.0021 

8.5 

0. 0308 

3.0010 

58.6 

0.0016 

0.0321 

0.0 

0.0011 

0.0015 

31.3 

C.0000 

3.0C00 

3.0 

4.0)17 

0.34)0 

37. 3 

0.0317 

0.002) 

34.1 

0.011) 

0.0154 

40. 4 

0.3059 

0.)380 

23. 1 

0.0015 

0.0023 

23.1 

0.0020 

0.0027 

28. 6 

0.0029 

3.00)9 

31.6 

0.3i79 

3.0107 

32.3 

0.3020 

0.0027 

34.6 

0.00)2 

0.0C4) 

11.6 

0.00)7 

1.0051 

26.8 

0.)C0S 

0.0006 

34.6 

0.0077 

0.0104 

16. 4 

0.0000 

0.3000 

6.8 

0.315) 

0.0072 

16. 4 

3.0017 

3.3023 

14.5 

0.0000 

0.0000 

0.0 

3•0033 

0.0030 

13. 3 

0.0011 

0.0015 

20.3 

3.00)1 

0.0042 

20.8 

0.0372 

3.3018 

14.4 

o. ooai 

3.3121 

30.7 
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SHIP MUSSES 2 


3ITAILEU SISUITS**BSCI 2EISJT LISTIMS CONTINUES 


CROUP MAKE HEIGHT 

TONS 

521 SI0R Ev}P 10.S 

522 SLOPCEAR 0.0 

52 J AIR ELEN 0.0 

52« ACASCEAR 0.0 

525 CATSOOoO 0.0 

52o HIDkCELS 0.0 

527 SI A B FIN 0.0 

520 UN22P 27.0 

550 NiPAlBPT 1.5 

551 AU X FLOS 07.4 

6RP5 TOT 7J9.8 

600 BULL FIT 17.b 

b 01 SCATS 25.1 

602 RIG6C AMV 0.4 

600 LABfcORAT 40.5 

604 MOMS SCO 00.6 

605 PAINTING 58.7 

60b OR COMES 29.8 

607 HULL INS 58.9 

608 S10REMSS 58.6 

609 OTIL EOP 15.9 

610 b*S? EOF 02.6 

611 SALT EOP 13.8 

612 LIV FUSN 43.5 

610 OFF TURN 26.2 

614 R60 FURM 0.2 

615 RA3 ShLO 0.0 

650 REPAIRPT 2.2 

651 06F FLOS 0.0 

G6P6 TOT 454.0 

7 00 CUN AMTS 80. 1 
7C1 0.0 

7C2 0.0 

700 SP6APH6S 0.0 

704 SIS LH65 46.7 

7 05 0.0 

706 0.0 

707 0.0 

70a TCRPTH6S 8.6 

709 0.0 

710 AIMS HCS 0.0 

7 11 3.T A A AS 4.7 

712 AIM UbST 0.0 

710 0.0 

720 CAFCOH6S 0.0 

750 3 ePAX 2PT 6.1 

751 APS F LOS 1.6 

CMP7 TOT 159.2 


NT PRAC 

NT FRAC 

»CC 

FULL ID 

LITE SM 

FT 

C.C014 

0.0019 

45.5 

0.0300 

0.0000 

0.0 

0.0030 

0.0000 

0.0 

0.0000 

0.0300 

0.0 

0.0300 

o.ocoo 

0.0 

3.0000 

0.3300 

0.3 

0.0000 

0.3000 

9. 1 

0.0034 

C.3046 

43. 1 

0.3334 

0.3306 

20.6 

0.0047 

0.CC64 

24.3 

0.093a 

3.1270 

25. 1 

C.0022 

0.0030 

45.3 

0.0032 

3.0043 

53. 1 

0.0001 

0.0002 

54.8 

0.3051 

0.3373 

20.5 

0.0039 

0.0053 

40.5 

0.0074 

0.0101 

26. 1 

0.0338 

6.0051 

37.9 

0.0075 

0.0101 

34. 1 

0.3074 

3.0101 

26.9 

C.0020 

0.0027 

31.4 

0.034 1 

0.0056 

36. 1 

C.00I4 

0.0019 

39.0 

0.0051 

0.3070 

36. 4 

0.3033 

3.0045 

44.9 

0.0004 

6.0C05 

33.2 

0.0000 

0.0030 

3.0 

0.0003 

C.OGOU 

J4.2 

0.0000 

3.0000 

0.0 

0.0570 

0.6780 

33.9 

0.0105 

0.0143 

S3. 4 

0.0300 

6.0000 

0.0 

C.0000 

O.OCOO 

0.0 

3.COOO 

0.0000 

0.0 

0.0059 

0.6C80 

44.9 

0.0030 

3.0000 

0.3 

0.0003 

O.OCOO 

0.0 

0.3330 

3.0030 

3.0 

0.3011 

0.0015 

4b. 1 

O.COOO 

O.OCOO 

0.0 

3.3000 

0.0000 

0.0 

0.0006 

0.0C08 

43.1 

0.0330 

0.0000 

3.0 

0.0000 

0.0000 

0.0 

0.0003 

0.0000 

0.0 

0.0008 

0.0610 

25.0 

0.0002 

3.0303 

32.7 

0.0202 

0.0273 

44.5 
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SdIP MU3IBE8 2 


DETAILED RESULTS--BSC I MELGHI LI STING CONTINUED 

CROUP MANE A EIGHT MT FRAC VCC 

TONS PULL LD FT 

600 Shi? OCt 33.4 0.0042 }1.9 

801 IRPSLEFF 0.0 0.0000 31.9 

802 PASSCtFF 0.0 0.0000 31.9 

603 SlilTASBO 79. 5 0.0101 34.6 

604 AV AN.10 0.0 0.0000 0.0 

805 AIRCRAFT 17.9 0.0023 S0.1 

806 P.GV6 PS I 45. 1 0.0057 22.6 

807 SLA SiO6 11.9 0.0015 25.8 

606 HARIHcST C.O O.COOO 0.0 

809 AUO SIR 6.7 0. 0008 34.4 

810 ORDSTRSH 0.0 0.0000 0.0 

811 ORPSTRAV 0.0 0.0000 0.0 

HI. POTmaIEr 53.5 0.0068 4.2 

913 R FSfO 4 0.0 O.COOO 4.7 

614 LU8CILSH 15.5 0.0020 19.0 

815 LU BOILAV 0.0 O.COOO 0.0 

816 FUEL OIL 1700. 4 0.2155 9.0 

817 OILS OIL 0.0 0.0000 12.5 

aid uAsOLIME 0.0 0.0C0C 0.0 

619 JP-S 0.0 0.0000 0.0 

820 81SC LIv 0.0 O.COOO 0.0 

821 CARGO C.O 0.0000 0.0 

622 BALL MAT 0.0 0.0000 0.0 

7R LOAD EOT 196 3.9 0.2489 1 1.2 

LIGUT SHIP 5826.8 0.7364 25.6 

4T N ARC IN 100. 0 0.0127 43.1 

FULL LOAD D1SP 7890.7 1.0000 22.3 


DETAILED R ES'OLTS -- FUNCTIONAL ELECTRIC LOADS 

CROUP HAUL CRUISE KM BATTLE KM 24 UR AVG KM 

100 PAGSTIER 384.5 443.4 306.2 

200 AUI NACII 342. 2 422.7 476.4 

3C0 DtCAP.ACH 2.0 1.5 0.3 


400 

SdOPS 

6.9 

1.2 

5.4 

so: 

VZlZltl 

22 3.3 

2 64.9 

226.3 

630 

OBJ* SYS 

25.6 

2 02. 1 

12. 1 

700 

aortL 

192.9 

127.4 

159.5 

800 

A/C£¥£*T 

*58. 3 

495.2 

692.4 

900 

?Ui COMV 

1 10. 0 

214.6 

99. 4 


ZLECAA2G 

1399.1 

1395.3 

1186.6 


TOTAL KV 

1595.0 

1725.0 

1600.0 
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SAMPLE INPUT 


C SHIP CHARACTERISTIC INPUTS 

1 0 20 6000 529 9.62 2.89 -59 .831 0 0 6 80000 
13 0 0 4 2 2 1 169 17 
31 3200030 2000 0 .6 0 0 0 1 1 

C CREW & STORES ENDURANCE 

50 25 21 252 0 0 0 45 

C SHIP GEOMETRY TOLLERANCES 

6l 1 2 0 .1 0 10 20 1 20 
72 2 1 0 2 

C SHIP PAYLOAD 

100 1 3 1 18 1 27 1 40 1 58 1 66 1 74 
114 1 95 1 96 2 100 1 112 1200 121 36 OOO 124 1 148 
121 1 150 2 180 

132 1 186 16 194 8 200 1 204 1 208 1 209 1 213 
140 4 215 1 222 2 230 

152 1 232 1 190 1 242 1 24l 1 244 100 252 
C INPUT OF WTGP 2 


401 244.14 0 253.15 58.34 130.51 10.97 000 10.1 31.24 
450 8.5 42.23 

C INPUT OF WTGP 3 

500 111.14 
550 4.5 0.54 

C ELECTRIC LOAD SPECIFICATIONS 

2201 342.2 
2210 1595 
2212 422.7 
2221 1725 
2232 1600 
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C MULTIPLIERS OP VOLUME GROUPS 

2250 1.96 1.74 1.49 1.65 1.40 1.39 1.48 2.12 1.76 1.79 
2261 1.67 3.32 2.55 

2263 4.92 1.49 2.56 4.20 2.46 4.01 2.46 1.98 2.58 
2272 1.49 1.56 10.0 
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APPENDIX I 

BSCI Weight Groups - detailed listing 
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MODIFIED BSCI WEIGHT GROUPS 


Sab Group 


Hall Structure-Group 


Description 


100 
101 
102 
103 
107 
111 
112 

113 

114 

115 

116 

117 

118 

119 

120 
121 
122 
123 
125 

127 

128 
150 
151 


Shell Plating 

Longitudinal A Transverse Framing 

Inner Bottom Plating 

Platforms A Flats 

All Decks (BSCI 104 thru 110) 

Superstruc ture 

Propulsion Foundations 

Foundations for Aux. A Other Equip. 

Structural Bulkheads 

Trunks & Enclosures 

Structural Sponsons 

Armor 

Aircraft Saddle Tank Structure 
Castings & Forgings 
Sea Chests 

Ballast & Buoyancy Units 

Special Doors & Closures 

Doors & Hatches (BSCI 123 A 124) 

Masts A Kingposts 

Sonar Domes 

Towers & Platforms 

Welding, Riveting A Fastenings 

Free Flooding Liquids 


Propulsion—Group 2 


200 

201 

202 

203 

204 

205 

206 

207 

208 

209 

210 
211 

250 

251 


Boilers and Energy Converters 
(Includes Nuclear) 

Propulsion Units 
Main Condensers & Air Ejectors 
Shafting, Bearings A Propellers 
Combustion Air Supply 
Uptakes A Smoke Pipes 
Propulsion Control Equipment 
Main Steam System 
Feed Water A Condensate System 
Circulating A Cooling Water System 
Fuel Oil Service Systems 
Lubricating Oil System 
Propulsion Repair Parts 
Propulsion Operating Fluids 


Electric Plant—Group 3 


300 


Electric Power Generation 
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301 

302 

303 



Communication and Control—Group 4 

400 
401 
402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 
415 

450 

451 


Power Distribution Switchboards 
Power Distribution System (Cable) 
Lighting System 
Electric Plant Repair Parts 
Electric Power Generator Fluids 


Navigation Equipment 
Interior Communication Systems 
Gun Fire Control Systems 
Countermeasure System 
(Noa-Electronic) 

Electronic Countermeasure Systems 
(ECM) 

Missile Fire Control Systems 
AS'.f Fire Control & Torpedo Fire 
Control System 

Torpedo Fire Control System— 
Submarines 
Radar Systems 

Radio Communication Systems 
Electronic Navigation Systems 
Space Vehicle Electronic Tracking 
Systems 
Sonar Systems 

Electronic Tactical Data Systems 
Electronic Test, Checkout & 
Monitoring Equipment 
Communication and Control Repair 
Parts 

Communication and Control Operating 
Fluids 


Auxiliary Systems—Group 5 


500 

Heating System 


501 

Ventilation System 


502 

Air Conditioning System 


503 

Refrigerating Spaces, Plant 

& 


Equipment 


504 

Gas, EEAF, All Liquid Cargo 

Piping, 


Aviation Lube Oil System, 

Sewage 


Systea 


505 

Plumbing Installations 


506 

Firemain, Flushing, Sprinkler, S.W. 


Service Systems 
Fire Extinguishing System 
Drainage, Ballast, Stabilizing Tank 
System 


507 

508 











509 

510 

511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

550 

551 

Outfit and Furnishings—Group 6 

600 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

611 

612 

613 


Fresh Wator System 
Scuppers and Deck Drains 
Fuel & Diesel Oil Filling, Venting, 
Stowage & Transfer System 
Tank Heating Systems 
Compressed Air Systems 
Auxiliary Steam, Exhaust Steam & 

■ Steam Drains 

Buoyancy Control System, Submarines 
Miscellaneous Piping Systems 
Distilling Plant 
Steering Systems 
Rudders 

Mooring, Towing, Anchor It Aircraft, 
Handling System & Deck Machinery 
Elevators, Moving Stairways, Stores 
Handling Systems 
Operating Gear for Retracting S> 
Elevating Units 
Aircrafts Elevators 
Aircraft Arresting Gear, Barriers 
& Barricades 

Catapults and Jet Blast Deflectors 
Hydrofoils 

Diving Planes & Stabilizing Fins 
Replenishment at Sea & Cargo 
Handling 

Auxiliary Systems•Repair Parts 
Auxiliary Systems Operating Fluids 


Hull Fittings 

Boats, Boat Stowage & Handling 

Rigging & Canvas 

Ladders & Gratings 

Nonstructural Bulkheads & Doors 

Painting 

Deck Covering 

Hull Insulation 

Storerooms, Stowages & Lockers 
Equipment for Utility Spaces 
Equipment for Workshops, Labs & 
Test Areas 

Equipment for Galley, Pantry, 
Scullery It Commissary Outfit 
Furnishings for Living Spaces 
Furnishings for Offices, Control 
Centers !> Machinery Spaces 
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614 


615 

650 

651 


Armament—Group 7 


Furnishings for Medical, Dental 
Spaces 

Radiation Shielding 
Outfit St Furnishing a, Repair Parts 
CXitflt & Furnishings, Operating 
Fluids 


700 

703 

704 


708 

710 

711 

712 

720 

750 

751 


Guns, Gun Mounts, Anno Handling & 
Storage (BSCI 700, 701, 702) 
Special Weapons Handling & Stowage 
Rocket & Missile Launching, Hand¬ 
ling St Stowage Devices (BSCI 704, 
705, 706, 707) 

Torpedo Tubes, Torpedo Handling 
& Stowage 

Mine Handling Systems & Stowage 
Snail arns & Pyrotechnic Stowage 
Air Launched Weapons Handling & 
Stowage (BSCI ?12, 713) 

Cargo Munitions Handling & Stowage 
Arnament Repair Parts 
Armament Operating Fluids 


Loads—Group 8 


800 

801 

802 

803 

804 

805 

806 

807 

808 

809 

810 
811 
812 

813 

814 

815 

816 

817 

818 

819 

820 


Ships Officers, Crew g, Effects 

Troops A Effects 

Passengers Sr Effects 

Ships Ammo 

Aviation Anno 

Aircraft 

Provisions and Personnel Stores 

General Stores 

Marines Stores 

Aero Stores 

Ordnance Stores Ship 

Ordnance Stores AV 

Potable Water 

Reserve Feed later 

Labe Oil Ship 

Lube Oil Aviation 

Fuel Oil 

Diesel Oil 

Gasoline 

JP-5 

Miscellaneous Liquids 
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